light speed, your time flows far more slowly than on Earth. If you are close enough to light speed, 
you can make it to your target in a few years or less, as measured by you—slowing down with the 
aid of a highly elliptical black-hole binary at your target, if you can find one! See Figure 13.6. 

You can return home by the same method. But your homecoming may not be pleasant. Billions 
of years will have passed at home, while you have aged only a few years. Imagine what you find. 

These types of slingshots could provide a means for spreading a civilization across the great 
reaches of intergalactic space. The principal obstacle (perhaps insurmountable!) is finding, or 
making, the needed black hole binaries. The launch binary might not be a problem if you are a 
sufficiently advanced civilization, but the slow-down binary is another matter. 

What happens to you if there 1s no slow-down binary, or there is one, but your aim is bad and 
you miss it? This is a tricky question because of the expansion of the universe. Think about it. 


Black Holes’ Orbit 
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Fig. 13.6. Slowing down by slingshots in a target black-hole binary. 


As exciting as these three far-future propulsion systems may seem, they truly are far future. 
Using twenty-first-century technology, we are stuck with thousands of years to reach other solar 
systems. The only hope (an exceedingly faint hope) for faster interstellar travel, in the event of an 
earthly disaster, is a wormhole like that in /nterstellar, or some other extreme form of spacetime 
warp. 


26 The kinetic energy is Mv?/2, where M is the helium atom’s mass and v is its speed. Equate this to the energy released, 0.0064 
Mc?, where c is the speed of light. (I used Einstein’s famous result that when you convert mass into energy, the energy you get 


out is the mass multiplied by the square of the speed of light.) The result from equating these two formulas is v? = 2 x 0.0064c?, 
which means v is close to c/10. 


Wormholes 


How Wormholes Got Their Name 


© 


My mentor, John Wheeler, gave astrophysical wormholes their name. He based it on 
wormholes in apples (Figure 14.1). For an ant walking on an apple, the apple’s surface is the 
entire universe. If the apple is threaded by a wormhole, the ant has two ways to get from the top to 
the bottom: around the outside (through the ant’s universe) or down the wormhole. The wormhole 
route is shorter; it’s a shortcut from one side of the ant’s universe to the other. 


Fig. 14.1. An ant explores a wormhole-endowed apple. 


The apple’s delicious interior, through which the wormhole passes, is not part of the ant’s 
universe. It is a three-dimensional bulk or hyperspace (Chapter 4). The wormhole’s wall can be 
thought of as part of the ant’s universe. It has the same dimensionality as the universe (two 
dimensions) and it joins onto the universe (the apple’s surface) at the wormhole’s entrance. From 
another viewpoint, the wormhole’s wall is not part of the ant’s universe; it is just a shortcut by 
which the ant can travel across the bulk, from one point in its universe to another. 


Flamm’s Wormhole 


© 


In 1916, just one year after Einstein formulated his general relativistic laws of physics, Ludwig 
Flamm in Vienna discovered a solution of Einstein’s equations that describes a wormhole (though 
he did not call it that). We now know that Einstein’s equations allow many kinds of wormholes 
(wormholes with many different shapes and behaviors), but Flamm’s is the only one that is 
precisely spherical and contains no gravitating matter. When we take an equatorial slice through 
Flamm’s wormhole, so it and our universe (our brane) have just two dimensions rather than three, 
and when we then view our universe and the wormhole from the bulk, they look like the left part 
of Figure 14.2. 


With one of our universe’s dimensions lost from the picture, you must think of yourself as a 
two-dimensional creature confined to move on the bent sheet or on the wormhole’s two- 
dimensional wall. There are two routes for travel from location A in our universe to location B: 
the short route (dashed blue curve) down the wormhole’s wall, or the long route (dashed red 
curve) along the bent sheet, our universe. 

Of course, our universe is really three dimensional. The concentric circles in the left part of 
Figure 14.2 are really the nested green spheres shown to the right. As you enter the wormhole 
along the blue path from location A, you pass through spheres that get smaller and smaller. Then 
the spheres, though nested inside each other, cease changing circumference. And then, as you exit 
the wormhole toward location B, the spheres get larger and larger. 

For nineteen years, physicists paid little attention to Flamm’s outrageous solution of 
Einstein’s equations, his wormhole. Then in 1935 Einstein himself and fellow physicist Nathan 
Rosen, unaware of Flamm’s work, rediscovered Flamm’s solution, explored its properties, and 
speculated about its significance in the real world. Other physicists, also unaware of Flamm’s 
work, began to call his wormhole the “Einstein-Rosen bridge.” 
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Fig. 14.2. Flamm’s wormhole. 


Wormhole Collapse 
© 


It is often difficult to extract, from the mathematics of Einstein’s equations, a full understanding of 
their predictions. Flamm’s wormhole is a remarkable example. From 1916 until 1962, nearly a 
half century, physicists thought that the wormhole is static, forever unchanging. Then John 
Wheeler and his student Robert Fuller discovered otherwise. Looking much more closely at the 
mathematics, they discovered that the wormhole is born, expands, contracts, and dies, as shown in 
Figure 14.3. 

Initially, in picture (a), our universe has two singularities. As time passes, the singularities 
reach out to each other through the bulk and meet to create the wormhole (b). The wormhole 


expands in circumference, (c) and (d), then shrinks and pinches off (e), leaving behind the two 
singularities (f). The birth, expansion, shrinkage, and pinch-off happen so quickly that nothing, not 
even light, has time to travel through the wormhole from one side to the other. Anything or anyone 
that attempts the trip will get destroyed in the pinch-off! 
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Fig. 14.3. Dynamics of Flamm’s wormhole (the Einstein-Rosen bridge). [Drawing by Matt Zimet based on a sketch by 
me; from my book Black Holes & Time Warps: Einstein’s Outrageous Legacy.] 


This prediction is inescapable. If the universe were ever, somehow, to develop a spherical 
wormhole that contains no gravitating matter, this is how the wormhole would behave. Einstein’s 


relativistic laws dictate it. 
Wheeler was not dismayed by this conclusion. On the contrary, he was pleased. He regarded 


singularities (places where space and time are infinitely warped) as a “crisis” for the laws of 
physics. And crises are wonderful tutors. By probing wisely, we can get great insights into the 


physical laws. To this I return in Chapter 26. 


Contact 


© 


Fast-forward a quarter century, to May 1985: a phone call from Carl Sagan asking me to critique 
the relativistic science in his forthcoming novel Contact. I happily agreed. We were close 
friends, I thought it would be fun, and, besides, I still owed him one for introducing me to Lynda 
Obst. 

Carl sent me his manuscript. I read it and I loved it. But there was one problem. He sent his 
heroine, Dr. Eleanor Arroway, through a black hole from our solar system to the star Vega. But I 
knew that a black-hole interior cannot be a route from here to Vega or to anywhere else in our 
universe. After plunging through the black hole’s horizon, Dr. Arroway would get killed by its 
singularity. To reach Vega fast, she needed a wormhole, not a black hole. But a wormhole that 
does not pinch off. A traversable wormhole. 

So I asked myself, What do I have to do to Flamm’s wormhole to save it from pinching off; to 
hold it open, so it can be traversed? A simple thought experiment gave me the answer. 

Suppose you have a wormhole that is spherical like Flamm’s, but unlike Flamm’s it does not 
pinch off. Send a light beam into the wormhole, radially. Since all the beam’s light rays travel 
radially, the beam must have the shape shown in Figure 14.4. It is converging (its cross-sectional 
area is decreasing) as it enters the wormhole, and it is diverging (its area is increasing) as it 
leaves the wormhole. The wormhole has bent the light rays outward, as would a diverging lens. 
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Fig. 14.4. A radial light beam traveling through a spherical, traversable wormhole. Left: As seen from the bulk 


with one space dimension removed. Right: As seen in our universe. [Adapted from a drawing by Matt Zimet based ona 
sketch by me; from my book Black Holes & Time Warps: Einstein’s Outrageous Legacy.] 


Now, gravitating bodies such as the Sun or a black hole bend rays inward (Figure 14.5). They 
can’t bend rays outward. To bend light rays outward, a body must have negative mass (or 
equivalently, negative energy; recall Einstein’s equivalence of mass and energy). From this 
fundamental fact, I concluded that any traversable, spherical wormhole must be threaded by some 


sort of material that has negative energy. At least the material’s energy must be negative as seen 
by the light beam, or by anything or anyone else that travels through the wormhole at nearly the 
speed of light.” I call such material “exotic matter.” (I later learned that, according to Einstein’ s 
relativistic laws, any wormhole, spherical or not, is traversable only if it is threaded by exotic 
matter. This follows from a theorem proved in 1975 by Dennis Gannon at the University of 
California at Davis. Being somewhat illiterate, I was unaware of Gannon’s theorem.) 

Now, it is an amazing fact that exotic matter can exist, thanks to weirdnesses in the laws of 
quantum physics. Exotic matter has even been made in physicists’ laboratories, in tiny amounts, 
between two closely spaced electrically conducting plates. This is called the Casimir effect. 
However, it was very unclear to me in 1985 whether a wormhole can contain enough exotic 
matter to hold it open. So I did two things. 


Fig. 14.5. The Sun or a black hole bends a beam of light inward. 


First, I wrote a letter to my friend Carl suggesting that he send Eleanor Arroway to Vega 
through a wormhole rather than a black hole, and I enclosed a copy of the calculations by which I 
had shown that the wormhole must be threaded by exotic matter. Carl embraced my suggestion 
(and wrote about my equations in the acknowledgment of his novel). And that is how wormholes 
entered modern science fiction—novels, films, and television. 

Second, with two of my students, Mark Morris and Ulvi Yurtsever, I published two technical 
articles about traversable wormholes. In our articles, we challenged our physicist colleagues to 
figure out whether the combined quantum laws and relativistic laws permit a very advanced 
civilization to collect enough exotic matter inside a wormhole to hold it open. This triggered a lot 
of research by a lot of physicists; but today, nearly thirty years later, the answer is still unknown. 
The preponderance of the evidence suggests that the answer may be NO, so traversable 
wormholes are impossible. But we are still far from a final answer. For details, check out Time 
Travel and Warp Drives by my physicist colleagues Allen Everett and Thomas Roman (Everett 
and Roman 2012). 


What Does a Traversable Wormhole Look Like? 
(E 


What does a traversable wormhole look like to people like us who live in our universe? I can’t 
answer definitively. Ifa wormhole can be held open, the precise details of how remain a mystery, 
so the precise details of the wormhole’s shape are unknown. For black holes, by contrast, Roy 
Kerr has given us the precise details, so I can make the firm predictions described in Chapter 8. 

So for wormholes, I can make only an educated guess, but one in which I have considerable 
confidence. Hence the symbol Œ on this section’s header. 
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Fig. 14.6. The images seen through a wormhole’s two mouths. [Left photo by Catherine MacBride; right photo by Mark 
Interrante.] 


Imagine we have a wormhole here on Earth, stretching through the bulk from Grafton Street in 
Dublin, Ireland, to the desert in Southern California. The distance through the wormhole might be 
only a few meters. 

The entrances to the wormhole are called “mouths.” You are sitting in a sidewalk cafe 
alongside the Dublin mouth. I am standing in the desert beside the California mouth. Both mouths 
look rather like crystal balls. When I look into my California mouth, I see a distorted image of 
Grafton Street, Dublin (Figure 14.6). That image is brought to me by light that travels through the 
wormhole from Dublin to California, rather like light traveling through an optical fiber. When you 
look into your Dublin mouth, you see a distorted image of Joshua trees (cactus trees) in the 
California desert. 


Can Wormholes Exist Naturally, as Astrophysical Objects? 
A 


In Interstellar, Cooper says, “A wormhole isn’t a naturally occurring phenomenon.” I agree with 
him completely! If traversable wormholes are allowed by the laws of physics, I think it extremely 
unlikely they can exist naturally, in the real universe. I must confess, though, that this is little more 
than a speculation, not even an educated guess. Maybe a highly educated speculation, but 
speculation nonetheless, so I labeled this section A. 

Why am I so pessimistic about natural wormholes? 

We see no objects in our universe that could become wormholes as they age. By contrast, 
astronomers see huge numbers of massive stars that will collapse to form black holes when they 
have exhausted their nuclear fuel. 

On the other hand, there is reason to hope that wormholes do exist naturally on 
submicroscopic scales in the form of “quantum foam” (Figure 14.7). This foam is a hypothesized 
network of wormholes that is continually fluctuating in and out of existence in a manner governed 
by the ill-understood laws of quantum gravity (Chapter 26). The foam is probabilistic in the sense 
that, at any moment, there is a certain probability the foam has one form and also a probability that 
it has another form, and these probabilities are continually changing. And the foam is truly tiny: 
the typical length of a wormhole would be the so-called Planck length, 
0.000000000000000000000000000000001 centimeters; a hundredth of a billionth of a billionth 
the size of the nucleus of an atom. That’s small!! 

Back in the 1950s John Wheeler gave persuasive arguments for quantum foam, but there is 
now evidence that the laws of quantum gravity might suppress the foam and might even prevent it 
from arising. 

If quantum foam does exist, I hope there is a natural process by which some of its wormholes 
can spontaneously grow to human size or bigger, and even did so during the extremely rapid 
“inflationary” expansion of the universe, when the universe was very, very young. However, we 
physicists have no hint of any evidence at all that such natural enlargement can or did occur. 


Fig. 14.7. Quantum foam. [Drawing by Matt Zimet based on a sketch by me; from my book Black Holes & Time Warps: 
Einstein’s Outrageous Legacy.] 


The other tiny hope for natural wormholes is the big bang creation of the universe. It is 
conceivable, but very unlikely, that traversable wormholes could have formed in the big bang 
itself. Conceivable for the simple reason that we don’t understand the big bang well at all. 
Unlikely because nothing we do know about the big bang gives any hint that traversable 
wormholes might form there. 


Can Wormholes Be Created by an Ultra-Advanced Civilization? 
A 


An ultra-advanced civilization is my only serious hope for making traversable wormholes. But it 
would face huge obstacles, so I’m pessimistic. 

One way to make a wormhole, where previously there were none, is to extract it from the 
quantum foam (if the foam exists), enlarge it to human size or larger, and thread it with exotic 
matter to hold it open. This seems like a pretty tall order, even for an ultra-advanced civilization, 
but perhaps only because we don’t understand the quantum gravity laws that control the foam, the 
extraction, and the earliest stages of enlargement (Chapter 26). Of course, we don’t understand 
exotic matter very well either. 

At first sight, making a wormhole seems easy (Figure 14.8). Just push a piece of our brane 
(our universe) downward in the bulk to create a thimble, fold our brane around in the bulk, tear a 
hole in our brane just below the thimble, tear a hole in the thimble itself, and sew the tears 
together. Just! 


Push 


Fold 


(a) (b) 


Fig. 14.8. Creating a wormhole. [Drawing by Matt Zimet based on a sketch by me; from my book Black Holes & Time Warps: 
Einstein’s Outrageous Legacy.] 


In Jnterstellar, Romilly demonstrates the same thing with a sheet of paper and a pencil 
(Figure 14.9). As easy as this may look from the outside, playing with pencils and paper, it is 
horrendously daunting when the sheet is our brane and these manipulations must be carried out 
from within the brane, by a civilization that lives in our brane. In fact, I have no idea how to 
execute any of these maneuvers from inside our brane except the first, creating a thimble in our 
brane (which requires only a very dense mass, such as a neutron star). Moreover, if it is possible 
at all to tear holes in our brane, it can only be done with the help of the laws of quantum gravity. 
Einstein’s relativistic laws forbid tearing our brane, so the only hope is to make the tear where 
his laws fail, in a realm of quantum gravity. We then are back to the domain of terra almost 
incognita (Figure 3.2). 


Fig. 14.9. Romilly explaining wormholes. Left: He bends a sheet of paper. Right: He punches a pencil (the 
wormhole) through the paper, joining its two edges. [From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


The Bottom Line 


A 


I doubt the laws of physics permit traversable wormholes, but this may be pure prejudice. I could 
be wrong. If they can exist, I doubt very much that they can form naturally in the astrophysical 
universe. My only real hope for forming them is artificially, in the hands of an ultra-advanced 
civilization. But we are extremely ignorant of how such a civilization could do it. And it appears 
more than daunting, at least from inside our brane (our universe), even for the most advanced of 
civilizations. 

In Interstellar, however, the wormhole is thought to have been made, held open, and placed 
near Saturn by a civilization that lives in the bulk, a civilization whose beings have four space 
dimensions, like the bulk. 

This is terra extremely incognita. Nevertheless, I discuss bulk beings in Chapter 22. In the 
meantime let’s talk about the wormhole in Interstellar. 


27 Energy is weird in relativistic physics; the energy one measures depends on how fast one moves and in what direction. 


Visualizing Interstellar’s Wormhole 
A, 


The wormhole in /nterstellar is thought to have been constructed by an ultra-advanced 
civilization, most likely one that lives in the bulk. In this spirit, when laying foundations for 
visualizing /nterstellar’s wormhole, Oliver James” and I pretended we were ultra-advanced 
engineers. We assumed that wormholes are allowed by the laws of physics. We assumed the 
wormhole’s builders had all the exotic matter they needed to hold the wormhole open. We 
assumed the builders could warp space and time in whatever way we wished them to, inside and 
around the wormhole. These are pretty extreme assumptions, so I labeled this chapter Â for 


speculation. 


The Wormhole’s Gravity and Time Warping 


Christopher Nolan wanted the wormhole to have a mild gravitational pull. Strong enough to hold 
the Endurance in orbit around itself, but weak enough that a modest rocket blast would slow the 
Endurance, letting it drop gently into the wormhole. This meant a gravitational pull much less 
than the Earth’s. 

Einstein’s law of time warps tells us that the slowing of time inside the wormhole is 
proportional to the strength of the wormhole’s gravitational pull. With that pull weaker than the 
Earth’s pull, the slowing of time must be smaller than on Earth, which is only a part in a billion 


(that is, one second of slowing during a billion seconds of time, thirty years). Such slowing is so 
tiny that Oliver and I paid no attention to it at all when designing the wormhole. 


“Handles” for Adjusting the Wormhole’s Shape 


The ultimate decision about the wormhole’s shape was in the hands of Christopher Nolan (the 
director) and Paul Franklin (the visual-effects supervisor). My task was to give Oliver and his 
colleagues at Double Negative “handles” (or in technical language, “parameters’’) that they could 
use to adjust the shape. They then simulated the wormhole’s appearance for various adjustments 
of the handles and showed the simulations to Chris and Paul, who chose the one that was most 
compelling. 

I gave the wormhole’s shape three handles—three ways to adjust the shape (Figure 15.1). 


Fig. 15.1. Awormhole viewed from the bulk and my three 
handles for adjusting its shape. (The inset on the left is the 
same wormhole, viewed from farther away in the bulk so we 
see its outer parts.) 


The first handle is the wormhole’s radius as measured by an ultra-advanced engineer looking 
in from the bulk (analog of Gargantua’s radius). If we multiply that radius by 27 = 6.28318..., we 
get the wormhole’s circumference as measured by Cooper when he pilots the Endurance around 
or through it. Chris chose the radius before I began to work. He wanted the wormhole’s 
gravitational lensing of stars to be barely visible from Earth with the best large-telescope 


technology then available to NASA. That fixed the radius at about a kilometer. 

The second handle is the wormhole’s /ength, as measured equally well by Cooper or by an 
engineer in the bulk. 

The third handle determines how strongly the wormhole lenses the light from objects behind 
it. The details of the lensing are fixed by the shape of space near the wormhole’s mouths. I chose 
that shape similar to the shape of space outside the horizon of a nonspinning black hole. My 
chosen shape has just one adjustable handle: the width of the region that produces strong lensing. I 
call this the lensing width” and depict it in Figure 15.1. 


How the Handles Influence the Wormhole’s Appearance 


Just as I had done for Gargantua (Chapter 8), I used Einstein’s relativistic laws to deduce 
equations for the paths of light rays around and through the wormhole, and I worked out a 
procedure for manipulating my equations to compute the wormhole’s gravitational lensing and 
thence what a camera sees when it orbits the wormhole or travels through it. After checking that 
my equations and procedure produced the kinds of images I expected, I sent them to Oliver and he 
wrote computer code capable of creating the quality IMAX images needed for the movie. Eugénie 
von Tunzelmann added background star fields and images of astronomical objects for the 
wormhole to lens, and then she, Oliver, and Paul began exploring the influence of my handles. 
Independently, I did my own explorations. 

Eugénie kindly provided the pictures in Figures 15.2 and 15.4 for this book, in which we look 
at Saturn through the wormhole. (The resolutions of her pictures are far higher than my own crude 
computer code can produce.) 


The Wormhole’s Length 


We first explored the influence of the wormhole’s length, with modest lensing (small lensing 
width); see Figure 15.2. 

When the wormhole is short (top picture), the camera sees one distorted image of Saturn 
through the wormhole, the primary image, filling the right half of the wormhole’s crystal-ball-like 
mouth. There is an extremely thin secondary, lenticular image on the left edge of the crystal ball. 
(The lenticular structure at the lower right is not Saturn; it is a distorted part of the external 
universe.) 


wormhole's radius), viewed from the bulk. Right: What the camera sees. Top to 


bottom: Increasing wormhole length: 0.01, 1, and 10 times the wormhole's radius. [From 
simulations by Eugénie von Tunzelmann’s team using Oliver James’ code based on my equations.] 


As the wormhole is lengthened (middle picture), the primary image shrinks and moves 
inward, the secondary image also moves inward, and a very thin lenticular tertiary image emerges 
from the right edge of the crystal ball. 


With further lengthening (bottom picture), the primary image shrinks further, all the images 
move inward, a fourth image emerges from the left edge of the crystal ball, a fifth from the right, 
and so forth. 

These behaviors can be understood by drawing light rays on the wormhole as seen from the 
bulk (Figure 15.3). The primary image is carried by the black light ray (1), which travels on the 
shortest possible path from Saturn to the camera, and by a bundle of rays tightly surrounding it. 
The secondary image is carried by a bundle surrounding the red ray (2), which travels around the 
wormhole’s wall in the opposite direction to the black ray: counterclockwise. This red ray is the 
shortest possible counterclockwise ray from Saturn to the camera. The tertiary image is carried by 
a bundle surrounding the green ray (3), which is the shortest possible clockwise ray that makes 
more than one full trip around the wormhole. And the fourth image is carried by a bundle 
surrounding the brown ray (4): the shortest possible counterclockwise ray that makes more than 
one full trip around the wormhole. 


Fig. 15.3. Light rays from Saturn, through the wormhole, to 
the camera. 


Can you explain the fifth and sixth images? and explain why the images shrink when the 
wormhole is lengthened? and explain why the images appear to emerge from the edge of the 
wormhole’s crystal-ball mouth and move inward? 


The Wormhole’s Lensing Width 


Having understood how the wormhole’s length affects what the camera sees, we then fixed the 
length to be fairly short, the same as the wormhole’s radius, and varied the gravitational lensing. 
We increased the wormhole’s lensing width from near zero to about half the wormhole’s diameter 
and computed what that did to the images the camera sees. Figure 15.4 shows the two extremes. 

With very small lensing width, the wormhole shape (upper left) has a sharp transition from the 
external universe (horizontal sheets) to the wormhole throat (vertical cylinder). As seen by the 
camera (upper right), the wormhole distorts the star field and a dark cloud in the upper left only 
slightly, near the wormhole’s edge. Otherwise it simply masks the star field out, as would any 
opaque body with weak gravity, for example a planet or a spacecraft. 

In the lower half of Figure 15.4, the lensing width is about half the wormhole’s radius, so 
there is a slow transition from the throat (vertical cylinder) to the external universe 
(asymptotically horizontal sheet). 

With this large lensing width, the wormhole strongly distorts the star field and dark cloud 
(lower right in Figure 15.3) in nearly the same way as does a nonspinning black hole (Figures 8.3 
and 8.4), producing multiple images. And the lensing also enlarges the secondary and tertiary 
images of Saturn. The wormhole looks bigger in the lower half of Figure 15.3 than in the upper 
half. It subtends a larger angle as seen by the camera. This is not because the camera is closer to 
the mouth; it is not closer. The camera is the same distance in both pictures. The enlargement is 
entirely due to the gravitational lensing. 


Fig. 15.4. Wormhole’s gravitational lensing of a star field and Saturn: influence of the 
lensing width which is 0.014 and 0.43 times the wormhole radius in the top and bottom 


images. [From simulations by Eugénie von Tunzelmann’s team using Oliver James’ code based on 
my equations.] 


Interstellar’s Wormhole 


When Chris saw the various possibilities, with varying wormhole length and lensing width, his 
choice was unequivocal. For medium and large length the multiple images seen through the 
wormhole would be confusing to a mass audience, so he made /nterstellar’s wormhole very 
short: 1 percent of the wormhole radius. And he gave /nterstellar’s wormhole a modest lensing 
width, about 5 percent of the wormhole radius, so the lensing of stars around it would be 
noticeable and intriguing, but much smaller than Gargantua’s lensing. 

The resulting wormhole is the one at the top of Figure 15.2. And in Interstellar, after the 
Double Negative team had created for its far side a galaxy with beautiful nebulae, dust lanes, and 
star fields, it is marvelous to behold (Figure 15.5). To me it is one of the movie’s grandest sights. 


Fig. 15.5. The wormhole as seen in a trailer for Interstellar. The Endurance is in front of the wormhole, near the 
center. Around the wormhole in pink | have drawn the Einstein ring, like that in Figure 8.4 for a nonspinning black 
hole. Primary and secondary images of gravitationally lensed stars move in the same way here as there. 


Looking at the trailer, can you identify some and trace their motion? [From Interstellar, used courtesy of Warner Bros. 
Entertainment Inc.] 


The Trip Through the Wormhole 


On April 10, 2014, I got an urgent phone call. Chris was having trouble with visualizing the 
Endurance’s trip through the wormhole and he wanted advice. I drove over to his Syncopy 
compound where postproduction editing was underway, and Chris showed me the problem. 
Using my equations, Paul’s team had produced visualizations for wormhole trips with various 
wormhole lengths and lensing widths. For the short, modest-lensing wormhole depicted in the 
movie, the trip was quick and uninteresting. For a long wormhole, it looked like traveling through 
a long tunnel with walls whizzing past, too much like things we’ve seen in movies before. Chris 
showed me many variants with many bells and whistles, and I had to agree that none had the 


compelling freshness that he wanted. After sleeping on it, I still had no magic-bullet solution. 

The next day Chris flew to London and closeted himself with Paul’s Double Negative team, 
searching for a solution. In the end, they were forced to abandon my wormhole equations and, in 
Paul’s words, “go for a much more abstract interpretation of the wormhole’s interior,” an 
interpretation informed by simulations with my equations, but altered significantly to add artistic 
freshness. 

When I experienced the wormhole trip in an early screening of /nterstellar, I was pleased. 
Though not fully accurate, it captures the spirit and much of the feel of a real wormhole trip, and 
it’s fresh and compelling. 

What did you think? 


28 Recall that Oliver James, chief scientist at Double Negative, wrote the computer code that underlies /nterstellar’s visualizations 
of wormholes and black holes; see Chapters 1 and 8. 


29 Most of the lensing occurs in the region where the wormhole’s shape in the bulk is strongly curved. This is the region where its 


outward slope is steeper than 45 degrees, so I define the lensing width to be the radial distance, in the bulk, from the wormhole 
throat to the location with 45-degree outward slope (Figure 15.1). 


Discovering the Wormhole: Gravitational Waves 
© 


Hoy might humans have discovered /nterstellar’s wormhole? As a physicist, I have a favorite 


way. I describe it here in an extrapolation of /nterstellar’s story—an extrapolation that, of 
course, is my own and not Christopher Nolan’s. 


LIGO Detects a Burst of Gravitational Waves 


I imagine that decades before the movie begins, when Professor Brand was in his twenties, he 
was deputy director of a project called LIGO: The Laser Interferometer Gravitational Wave 
Observatory (Figure 16.1). LIGO was searching for ripples in the shape of space arriving at Earth 
from the distant universe. These ripples, called gravitational waves, are produced when black 
holes collide with each other, when a black hole tears a neutron star apart, when the universe was 
born, and in many other ways. 

One day in 2019, LIGO was hit by a burst of gravitational waves far stronger than any ever 
before seen (Figure 16.2). The waves oscillated with an amplitude that grew and fell several 
times, and then cut off suddenly. The entire burst lasted for only a few seconds. 


Fig. 16.1. Top: Aerial photograph of the LIGO gravitational wave detector at Hanford, Washington. Bottom: The 
LIGO control room where the detector is controlled and its signals are monitored. 
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Fig. 16.2. The last 120 milliseconds (ms) of the gravitational waveform discovered by LIGO. [Drawing by Kip 
based on simulations by Yanbei Chen and by Foucartet al. (2011).] 


By comparing the waves’ shape (their “waveform”; Figure 16.2) with simulations performed 
on supercomputers, Professor Brand and his team deduced their source. 


Neutron Star Orbiting a Black Hole 


A neutron star, orbiting around a black hole, had emitted the waves. The star weighed 1.5 times as 
much as the Sun, the hole weighed 4.5 times the Sun, and the hole was spinning rapidly. The spin 
dragged space into motion, and the space whirl grabbed the star’s orbit, forcing it to precess 
slowly, like a tilted top. The precession modulated the waves, causing them to rise and fall in 
amplitude (Figure 16.2). 

The waves traveled out through the universe, carrying away energy (Figure 16.3). With its 
energy gradually decreasing, the star gradually spiraled inward toward the black hole. When the 
distance between the star and the hole had shrunk to 30 kilometers, the hole’s tidal gravity began 
tearing the star apart. Ninety-seven percent of the stellar debris was swallowed by the black hole, 
and 3 percent was thrown outward, forming a tail of hot gas that the hole then sucked back inward 
to form an accretion disk. 

Figure 16.4 shows a computer simulation of the last few milliseconds of the star’s life. At ten 
milliseconds before the end, the black hole is spinning around the red-arrowed axis, and the star 
is orbiting around the picture’s vertical axis. At four milliseconds the hole’s tendex lines are 
stretching the star apart. At two milliseconds, the hole’s whirling space has thrown the stellar 
debris up into the hole’s equatorial plane. At zero milliseconds, the debris is beginning to form an 
accretion disk. 
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Fig. 16.3. Gravitational waves flowing out from the orbiting star and hole, as seen from the bulk. [Drawing by LIGO 
Laboratory artist based on my hand sketch.] 
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Fig. 16.4. Computer simulation of the last few milliseconds of the neutron star’s life. 


[From a simulation by Francois Foucart, and colleagues. See http://www.b lack-holes.org/.] 


Discovering the Wormhole 


Looking back through LIGO’s data for the preceding two years, Professor Brand and his team 
discovered very weak waves emitted by the neutron star. The star had a tiny mountain, a 
centimeter high and a few kilometers wide (such mountains are thought likely). As the mountain 
was carried around and around by the star’s rotation, it produced waves that oscillated weakly 
but steadily, day after day after day. 

By analyzing these steady waves with care, Professor Brand learned the direction to their 
source. The direction was unbelievable! The waves were coming from something in orbit around 
Saturn. As the Earth and Saturn moved in their orbits, the source was always near Saturn! 

A neutron star orbiting Saturn? Impossible! A black hole accompanying the neutron star, with 
both orbiting Saturn? Even more impossible! Saturn would long ago have been destroyed, and the 
star’s and hole’s gravity would long ago have disrupted the orbits of all the Sun’s planets, 
including Earth. With disrupted orbit, the Earth would have been carried close to the Sun and then 
far away. We would have been fried, frozen, and killed. 

But there the waves were. Unequivocally emerging from near Saturn. 

Professor Brand could find only one explanation: The waves must emerge from a wormhole 
that orbits Saturn. And their source, the black hole and neutron star, must be on the other end of 
the wormhole (Figure 16.5). The waves traveled outward from the star and hole. Small portions 
of the waves were captured by the wormhole, traveled through it, and then spread outward 
through the solar system with a small portion reaching Earth and passing through the LIGO 
gravitational wave detector. 
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Fig. 16.5. Gravitational waves travel through the wormhole to Earth. 


Origin of This Story 


A brief variant of this story was in the original 2006 treatment for Interstellar that Lynda Obst 
and I wrote. However, gravitational waves did not play a significant role in the rest of our 


treatment, nor in the subsequent screenplay that Jonathan Nolan wrote and Chris rewrote. And 
even without gravitational waves, the amount of serious science in the movie was enormous. So 
when Chris sought ways to simplify /nterstellar’s rich panoply of science, gravitational waves 
were a natural candidate for the ax. He jettisoned them. 

For me, personally, Chris’s decision was painful. I cofounded the LIGO Project in 1983 
(together with Rainer Weiss at MIT and Ronald Drever at Caltech). I formulated LIGO’s 
scientific vision, and I spent two decades working hard to help make it a reality. And LIGO today 
is nearing maturity, with the first detection of gravitational waves expected in this decade. 

But Chris’s reasons to jettison gravitational waves were compelling, so I didn’t utter even a 
whisper of protest. 


Gravitational Waves and Their Detectors 


I indulge myself and tell you a bit more about gravitational waves before moving back to 
Interstellar. 

Figure 16.6 is an artist’s conception of some tendex lines emerging from two black holes that 
orbit each other counterclockwise, and collide. Recall that tendex lines produce tidal gravity 
(Chapter 4). The lines emerging from the holes’ ends stretch everything they encounter, including 
the artist’s friend, whom she has placed there. The lines emerging from the collision region 
squeeze everything they encounter. As the holes orbit around each other, they drag their tendex 
lines around, splaying outward and backward, like water from a whirling sprinkler. 
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Fig. 16.6. Tendex lines from two black holes that collide while 
orbiting each other counterclockwise. [Painting by Lia Halloran.] 


The holes merge to forma single, larger black hole that is deformed and spinning 
counterclockwise, and that drags its tendex lines around and around. The tendex lines travel 
outward, like water from the sprinkler, creating the intricate pattern that I show in Figure 16.7. 
The red lines stretch. The blue lines squeeze. 

A person at rest far from the hole experiences an oscillating stretch then squeeze then stretch 
as the tendex lines travel outward through her. The tendex lines have become a gravitational 
wave. Wherever the lines in the plane of the picture are strongly blue (strongly squeezing), there 
are strongly red lines coming out of the picture, that stretch. And wherever the lines in the picture 
are strongly red (stretching), there are blue (squeezing) lines pointing in the third direction, out of 
the picture. As the waves flow outward, the hole’s deformation gradually grows weaker and the 
waves weaken. 

When these waves reach Earth, they have the form that I show in the upper part of Figure 16.8. 
They stretch along one direction and squeeze along the other. The stretch and squeeze oscillate 
(from red right-left to blue right-left to red right-left, etc.) as the waves pass through the detector 
in the bottom part of Figure 16.8. 

The detector consists of four huge mirrors (40 kilograms, 34 centimeters in diameter) that 


hang from overhead supports at the ends of two perpendicular arms. The waves’ tendex lines 
stretch one arm while squeezing the other, and then squeeze the first while stretching the second, 

er and over and over again. The oscillating separation between mirrors is monitored with laser 
beams, by a technique called interferometry. Hence LIGO’s name: Laser Interferometer 
Gravitational Wave Observatory. 
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Fig. 16.7. Tendex lines from a spinning, deformed black hole. [Drawing by Rob Owen] 
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Fig. 16.8. Gravitational waves impinging on a LIGO detector. 


LIGO is now an international collaboration of 900 scientists in seventeen nations, 
headquartered at Caltech. It is currently led by David Reitze (director), Albert Lazzarini (deputy 
director) and Gabriella Gonzalez (spokesperson for the collaboration). And in view of its huge 
potential payoffs for our understanding of the universe, it is funded primarily by US taxpayers, 
through the National Science Foundation. 

LIGO has gravitational wave detectors in Hanford, Washington, and Livingston, Louisiana, 
and is planning to place a third in India. Scientists in Italy, France, and the Netherlands have built 
a similar interferometer near Pisa, and Japanese physicists are building one in a tunnel under a 
mountain. These detectors will all operate together, forming a giant worldwide network to 
explore the universe using gravitational waves. 

Having trained many scientists who work on LIGO, in 2000 I turned my own research in other 


directions. But I watch eagerly as LIGO and its international partners near maturity and near their 
first detections of gravitational waves. 


The Warped Side of the Universe 


Interstellar is an adventure in which humans encounter black holes, wormholes, singularities, 
gravitational anomalies, and higher dimensions. All these phenomena are “made from” warped 
space and time, or are tied intimately to that warping. This is why I like to call them the “warped 
side of the universe.” 

We humans, as yet, have very little experimental or observational data from the universe’s 
warped side. That’s why gravitational waves are important: they are made from warped space, 
and so they are the ideal tool for probing the warped side. 

Suppose you had only seen the ocean on a very calm day. You would know nothing of the 
heaving seas and breaking ocean waves that come with a huge storm. 

That is similar to our knowledge, today, of warped space and time. We know little about how 
warped space and warped time behave in a “storm’”—when the shape of space is oscillating 
wildly and the rate of flow of time is oscillating wildly. For me this is a fascinating frontier of 
knowledge. John Wheeler, the creative coiner we met in earlier chapters, dubbed this 
“seometrodynamics”’: the wildly dynamical behavior of the geometry of space and time. 

In the early 1960s, when I was Wheeler’s student, he exhorted me and others to explore 
geometrodynamics in our research. We tried, and failed miserably. We didn’t know how to solve 
Einstein’s equations well enough to learn their predictions, and we had no way to observe 
geometrodynamics in the astronomical universe. 

I’ve devoted much of my career to changing this. I cofounded LIGO with the goal of observing 
geometrodynamics in the distant universe. In 2000, when I turned my LIGO roles over to others, I 
cofounded a research group at Caltech aimed at simulating geometrodynamics on supercomputers, 
by solving Einstein’s relativistic equations numerically. We call this project SXS: Simulating 
eXtreme Spacetimes. It is a collaboration with Saul Teukolsky’s research group at Cornell 
University, and others. 
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Fig. 16.9. Simulation of two black holes at their moment of collision. Top: The holes’ orbits and shadows as 
seen in our universe. Middle: The holes’ warped space and time as seen from the bulk, with arrows showing the 
dragging of space into motion and colors the warping of time. Bottom: The emitted gravitational waveform. This 
simulation is for identical, nonspinning black holes. [From a movie by Harald Pfeifer of a simulation by the SXS team.] 


A wonderful venue for geometrodynamics is the collision of two black holes. When they 
collide, the holes set space and time into wild gyrations. Our SXS simulations have now reached 
maturity, and are beginning to reveal relativity’s predictions (Figure 16.9). LIGO and its partners 
will observe the gravitational waves from colliding black holes within the next few years, and 
test our simulations’ predictions. It’s a wonderful era for probing geometrodynamics! 


Gravitational Waves from the Big Bang 


In 1975 Leonid Grishchuk, a dear Russian friend of mine, made a startling prediction: A rich 
plethora of gravitational waves was produced in the big bang, he predicted, by a previously 
unknown mechanism: Quantum fluctuations of gravity coming off the big bang were amplified 
enormously, he told us, by the universe’s initial expansion; and when amplified, they became 
primordial gravitational waves. If discovered, these gravitational waves could bring us a glimpse 


of our universe’s birth. 

In subsequent years, as our understanding of the big bang matured, it became evident that the 
waves would be strongest at wavelengths nearly as large as the visible universe itself, billions of 
light-years’ wavelength, and would likely be too weak for detection at LIGO’s far shorter 
wavelengths, hundreds and thousands of kilometers. 

In the early 1990s several cosmologists realized that these billion-light-years-long 
gravitational waves should have placed a unique imprint on electromagnetic waves that fill the 
universe, the so-called cosmic microwave background or CMB. A holy grail quickly emerged: 
search for that CMB imprint, from it infer the properties of the primordial gravitational waves 
that produced the imprint, and thereby explore the birth of the universe. 

In March 2014, while I was writing this book, the CMB imprint was discovered by a team 
assembled by Jamie Bock (Figure 16.10),*° a cosmologist down the hall from me at Caltech. 


Fig. 16.10. The Bicep2 instrument, built by Jamie Bock’s team, that discovered the imprint of primordial 
gravitational waves. Bicep2, at the South Pole, is here shown at twilight, which occurs only twice a year at the 
South Pole. It is surrounded by a shield to protect it from radiation from the surrounding ice sheet. The upper 
right inset shows the measured imprint on the CMB: a polarization pattern. The CMB’s electric field points along 
the short dashed directions. 


It was a fantastic discovery, but with a cautionary note: the imprint that Jamie and his team 
found might possibly be due to something else and not gravitational waves. As this book goes to 


press, intense efforts are underway to find out for sure. 

If the imprint is really due to gravitational waves from the big bang, then this is the type of 
cosmological discovery that comes along perhaps once every fifty years. It brings us a glimpse of 
the universe a trillionth of a trillionth of a trillionth of a second after the universe’s birth. It 
confirms theorists’ prediction that the expansion of the universe at that early moment was 
exceedingly fast, “inflationarily fast’ in cosmologists’ jargon. It ushers in a whole new era for 
cosmology. 


Having indulged my passion for gravitational waves, having seen how they could be used to 
discover /nterstellar’s wormhole—and having explored the properties of wormholes, especially 
Interstellar’ s—I now take you on a tour of the other side of the /nterstellar wormhole. A tour of 
Miller’s planet, Mann’s planet, and the Endurance, which carries Cooper there. 


30 The formal leaders of the discovery team were Jamie and his former postdoctoral students John Kovac (now at Harvard) and 
Chao-Lin Kuo (now at Stanford), along with Clem Pryke (now at the University of Minnesota). 


Miller’s Planet 
© 


The first planet that Cooper and his crew visit is Miller’s. The most impressive things about this 
planet are the extreme slowing of time there, gigantic water waves, and huge tidal gravity. All 
three are related, and arise from the planet’s closeness to Gargantua. 


The Planet’s Orbit 


In my interpretation of /nterstellar’s science, Miller’s planet is at the blue location in Figure 
17.1, very close to Gargantua’s horizon. (See Chapters 6 and 7.) 
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Fig. 17.1. The warped space around Gargantua as seen 
from the bulk, with one space dimension omitted. Also, the 
orbits of Millers planet and the Endurance, parked and waiting 
for the crew to return. 


Space there is warped like the surface of a cylinder. In the figure, the cylinder’s cross 
sections are circles whose circumferences don’t change as we move nearer to or farther from 
Gargantua. In reality, when we restore the missing dimension, the cross sections are spheroids, 
whose circumferences don’t change as we move nearer or farther. 

So why is this location different from any other on the cylinder? What makes this location 
special? 

The key to the answer is the warping of time, which does not show up in Figure 17.1. Time 
slows near Gargantua, and the slowing becomes more extreme as we get closer and closer to 
Gargantua’s event horizon. Therefore, according to Einstein’s law of time warps (Chapter 4), 
gravity becomes ultrastrong as we near the horizon. The red curve in Figure 17.2, which depicts 
the strength of the gravitational force, turns sharply upward. By contrast, the centrifugal force that 
the planet feels (the blue curve) has a more gradually changing slope. As a result, the two curves 
cross at two locations. There the planet can travel around Gargantua with the outward centrifugal 
force balancing the inward gravitational force. 
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Fig. 17.2. The gravitational and centrifugal forces on Miller’s planet. 


At the inner balance point, the planet’s orbit is unstable: If the planet gets pushed outward a 
tiny bit (for example, by the gravity of some passing comet), the centrifugal force wins the 
competition and pushes the planet further outward. If the planet is pushed inward, the gravitational 
force wins and the planet is pulled into Gargantua. This means Miller’s planet can’t live for long 
at the inner balance point. 

The outer balance point, by contrast, is stable: If Miller’s planet is there and gets pushed 
outward, gravity wins the competition and pulls the planet back in. If the planet gets pushed 
inward, centrifugal forces win and push it back out. So this is where Miller’s planet lives, in my 
interpretation of Jnterstellar.*! 


The Slowing of Time, and Tidal Gravity 


Among all stable, circular orbits around Gargantua, the orbit of Miller’s planet is the closest to 
the black hole. This means it’s the orbit with the maximum slowing of time. Seven years on Earth 
is one hour on Miller’s planet. Time flows sixty thousand times more slowly there than on Earth! 


This is what Christopher Nolan wanted for his movie. 

But being so close to Gargantua, in my interpretation of the movie, Miller’s planet is 
subjected to enormous tidal gravity, so enormous that Gargantua’s tidal forces almost tear the 
planet apart (Chapter 6). Almost, but not quite. Instead, they simply deform the planet. Deform it 
greatly (Figure 17.3). It bulges strongly toward and away from Gargantua. 
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Fig. 17.3. Tidal deformation of Miller's planet. 


If Miller’s planet were to rotate relative to Gargantua (if it didn’t keep the same face toward 
Gargantua at all times), then as seen by the planet, the tidal forces would rotate. First the planet 
would be crushed east-west and stretched north-south. Then, after a quarter rotation, the crush 
would be north-south and the stretch east-west. These crushes and stretches would be enormous 
compared to the strength of the planet’s mantle (its solid outer layers). The mantle would be 
pulverized, and then friction would heat it and melt it, making the whole planet red hot. 


That’s not at all what Miller’s planet looks like! So the conclusion is clear: In my science 
interpretation, the planet must always keep the same face pointing toward Gargantua (Figure 
17.4), or nearly so (as I discuss later). 


Fig. 17.4. The orbital motion and spin of Miller’s planet relative to distant stars. The red 
spot on the planet’s surface and the tidal bulge always face Gargantua. 


The Whirl of Space 


Einstein’s laws dictate that, as seen from afar, for example, from Mann’s planet, Miller’s planet 
travels around Gargantua’s billion-kilometer-circumference orbit once each 1.7 hours. This is 
roughly half the speed of light! Because of time’s slowing, the Ranger’s crew measure an orbital 
period sixty thousand times smaller than this: a tenth of a second. Ten trips around Gargantua per 
second. That’s really fast! Isn’t it far faster than light? No, because of the space whirl induced by 
Gargantua’s fast spin. Relative to the whirling space at the planet’s location, and using time as 
measured there, the planet is moving slower than light, and that’s what counts. That’s the sense in 
which the speed limit is enforced. 

In my science interpretation of the movie, since the planet always keeps the same face pointed 
toward Gargantua (Figure 17.4), it must spin at the same rate as it orbits, ten revolutions per 
second. How can it possibly spin so fast? Won’t centrifugal forces tear it apart? No; and again the 


savior is the whirl of space. The planet would feel no disruptive centrifugal forces if it were 
spinning at precisely the same rate as space near it whirls, which it is almost doing! So 
centrifugal forces due to its rotation, in fact, are weak. If, instead, it were nonspinning relative to 
the distant stars, it would turn at ten revolutions per second relative to whirling space and so 
would be torn apart by centrifugal forces. It’s weird what relativity can do. 


Giant Waves on Miller’s Planet 


What could possibly produce the two gigantic water waves, 1.2 kilometers high, that bear down 
on the Ranger as it rests on Miller’s planet (Figure 17.5)? 

I searched for a while, did various calculations with the laws of physics, and found two 
possible answers for my science interpretation of the movie. Both answers require that the planet 
be not quite locked to Gargantua. Instead it must rock back and forth relative to Gargantua by a 
small amount, from the orientation on the left of Figure 17.6, to that on the right, then back to the 
left, and so on. 

This rocking is a natural thing, as you can see by looking at Gargantua’s tidal gravity. 

In Figure 17.6, I describe the tidal gravity by tendex lines (Chapter 4). No matter which way 
the planet is tilted (left or right in Figure 17.6), Gargantua’s blue squeezing tendex lines push its 
sides in, which drives the planet back toward its preferred orientation, the one with its bulges 
nearest Gargantua and farthest away (Figure 17.3). Similarly, Gargantua’s red stretching tendex 
lines pull its bottom bulge toward Gargantua and push its top bulge away from Gargantua. This 
also drives the planet back toward its preferred orientation. 


Fig. 17.5. A giant water wave bearing down on the Ranger. [From Interstellar, used courtesy of Warner Bros. 
Entertainment Inc.] 
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Fig. 17.6. The rocking of Miller’s planet in response to Gargantua’s tidal gravity: its stretching tendex lines (red) 
and squeezing tendex lines (blue). 


The result is a simple rocking of the planet, back and forth, if the tilts are small enough that the 
planet’s mantle isn’t pulverized. When I computed the period of this rocking, how long it takes to 
swing from left to right and back again, I got a joyous answer. About an hour. The same as the 
observed time between giant waves, a time chosen by Chris without knowing about my science 
interpretation. 

The first explanation for the giant waves, in my science interpretation, is a sloshing of the 
planet’s oceans as the planet rocks under the influence of Gargantua’s tidal gravity. 

A similar sloshing, called “tidal bores,” happens on Earth, on nearly flat rivers that empty into 
the sea. When the ocean tide rises, a wall of water can go rushing up the river; usually a tiny wall, 
but very occasionally respectably big. You can see an example in the top half of Figure 17.7: a 
tidal bore on the Qiantang River in Hangzhou, China, in August 2010. Though impressive, this 
tidal bore is very small compared to the 1.2-kilometer-high waves on Miller’s planet. But the 
Moon’s tidal gravity that drives this tidal bore is tiny—really tiny—compared to Gargantua’ s 
huge tidal gravity! 
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Fig. 17.7. Top: A tidal bore on the Qiantang River. Bottom: A tsunami in Miyako City. 


My second explanation is tsunamis. As Miller’s planet rocks, Gargantua’s tidal forces may 


not pulverize its crust, but they do deform the crust first this way and then that, once an hour, and 
those deformations could easily produce gigantic earthquakes (or “millerquakes,” I suppose we 
should call them). And those millerquakes could generate tsunamis on the planet’s oceans, far 
larger than any tsunami ever seen on Earth, such as the one that hit Miyako City, Japan, on March 
11, 2011 (bottom half of Figure 17.7). 


Past History of Miller’s Planet 


It is interesting to speculate about the past and future history of Miller’s planet. Try it using as 
much physics as you know or can scrounge up from the web or elsewhere. (This is not easy!) 
Here are some things you might think about. 

How old is Miller’s planet? If, as an extreme hypothesis, it was born in its present orbit when 
its galaxy was very young (about 12 billion years ago), and Gargantua has had its same ultrafast 
spin ever since, then the planet’s age is about 12 billion years divided by 60,000 (the slowing of 
time on the planet): 200,000 years. This is awfully young compared to most geological processes 
on Earth. Could Miller’s planet be that young and look like it looks? Could the planet develop its 
oceans and oxygen-rich atmosphere that quickly? If not, how could the planet have formed 
elsewhere and gotten moved to this orbit, so close to Gargantua? 

How long can the planet’s rocking continue until friction inside the planet converts all the 
rocking energy to heat? And how long could it have rocked in the past? Ifa lot shorter than 
200,000 years, then perhaps something set it rocking. What could have done so? 

When friction converts rocking energy to heat, how hot does the planet’s interior get? Hot 
enough to trigger volcanos and lava flows? 

Jupiter’s moon Io is a remarkable example of this. Io, the large moon that orbits closest to 
Jupiter’s surface, doesn’t rock. But it does move closer and farther from Jupiter along an 
elliptical orbit, so it feels Jupiter’s tidal gravity strengthen then weaken then strengthen, much like 
Miller’s planet feels Gargantua’s tidal gravity oscillate. This heats Io enough to produce huge 
volcanos and lava flows (Figure 17.8). 


Fig. 17.8. lo as photographed by the Galileo spacecraft shows many volcanos and 
lava flows. Inset: A 50-kilometer-high volcanic plume. 


The Appearance of Gargantua from Miller’s Planet 


In Interstellar, as the Ranger approaches Miller’s planet carrying Cooper and his crew, we see 
Gargantua in the sky above, 10 degrees across (twenty times larger than the Moon as seen from 
Earth!) and surrounded by its bright accretion disk. See Figure 17.9. As startlingly impressive as 
this may be, Gargantua’s angular size has actually been reduced greatly from what it would really 
be at the location of Miller’s planet. 

If Miller’s planet is, indeed, close enough to Gargantua to experience extreme time slowing— 
as I chose for my interpretation of the movie—then it must be deep into the cylindrical region of 
Gargantua’s warped space, as depicted in Figure 17.1. It seems likely, then, that if you look down 
the cylinder from Miller’s planet you will see Gargantua, and if you look up the cylinder you will 
see the external universe; so Gargantua should encompass roughly half of the sky (180 degrees) 
around the planet and the universe the other half. Indeed, that is what Einstein’s relativistic laws 
predict. 


It also seems clear that, since Miller’s planet is the closest anything can live stably, without 
falling into Gargantua, the entire accretion disk should be outside the orbit of Miller’s planet. 
Therefore, as the crew approach the planet, they should see a giant disk above them and a giant 
black-hole shadow below. Again, that is what Einstein’s laws predict. 

If Chris had followed these dictates of Einstein’s laws, it would have spoiled his movie. To 
see such fantastic sights so early in the movie would make the movie’s climax, when Cooper falls 
into Gargantua, visually anticlimactic. So Chris consciously saved such sights for the end of the 
movie; and invoking artistic license, near Miller’s planet he depicted Gargantua and its disk 
together, “just” twenty times bigger than the Moon looks from Earth. 


Fig. 17.9. Gargantua and its disk, partially eclipsed by Miller’s planet, as the Ranger, in the foreground, 
descends toward landing. [From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


Although I’ma scientist and aspire to science accuracy in science fiction, I can’t blame Chris 
at all. I would have done the same, had I been making the decision. And you’d have thanked me 
for it. 


31 The centrifugal force depends on the planet’s orbital angular momentum, a measure of its orbital speed that is constant along its 
orbit (Chapter 10). In plotting how the force changes with distance from Gargantua in Figure 17.2, I hold that angular momentum 
constant. If the angular momentum were a bit smaller than the amount Miller’s planet actually has, then the centrifugal force 
would everywhere be smaller, and the two curves in Figure 17.2 would not cross. There would be no balance pomt, and the 
planet would fall into Gargantua. That’s why the location of Miller’s planet in Figures 17.1 and 17.2 is the closest to Gargantua 
that the planet can stably live—the location I want, in order to get maximum slowing of time. For more details see Some 
Technical Notes at the end of this book. 


Gargantua’s Vibrations 
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Wanie Cooper and Amelia Brand are on Miller’s planet, Romilly stays behind in the 
Endurance, observing Gargantua. From exquisitely accurate observations, he hopes to learn more 
about gravitational anomalies. Above all (I presume), he hopes that quantum data from 
Gargantua’s singularity (Chapter 26) will leak out through the event horizon, bringing information 
about how to control the gravitational anomalies (Chapter 24). Or, in Romilly’s pithy language, 
bringing information for “solving gravity.” 

When Amelia Brand returns from Miller’s planet, Romilly tells her, “I learned what I could 
from studying the black hole, but I couldn’t send anything to your father. We’ve been receiving but 
nothing gets out.” 

What did Romilly observe? He’s not specific, but I presume he would focus on Gargantua’ s 
vibrations, and I offer this chapter’s extrapolation of the movie for that. 


Vibrations of Black Holes 


In 1971 Bill Press, a student of mine at Caltech, discovered that black holes can vibrate at 
special, resonant frequencies, in much the same way as a violin string vibrates. 

When a violin string is plucked just right, it emits a very pure tone: sound waves with a single 
frequency. When plucked a little differently, it emits that pure tone and also higher harmonics of 


the pure tone. In other words (if the string is firmly clamped, with the clamping finger not moving 
around) its vibrations produce sound at only a discrete set of frequencies, the string’s resonant 
frequencies. 

The same is true of a wine glass whose rim you rub with your finger, and a bell struck by a 
hammer. And also a black hole disturbed by something falling into it, Press discovered. 

A year later Saul Teukolsky, another of my students, used Einstein’s relativistic laws to work 
out a mathematical description of these resonant vibrations for a spinning black hole. (That’s the 
best thing about teaching at Caltech; we get fabulous students!) By solving Teukolsky’s equations, 
we physicists can compute a black hole’s resonant frequencies. But solving them for an extremely 
fast spinning hole (like Gargantua) is very difficult. So difficult that it was not done successfully 
until forty years later—by a collaboration in which the lead players again were two Caltech 
students: Huan Yang and Aaron Zimmerman. 

In September 2013, Ritchie Kremer, the property master for Interstellar (the person in charge 
of props) asked me for observational data that Romilly could show to Brand. Of course, I turned 
to the world’s best experts for help: Yang and Zimmerman. They quickly produced tables of 
Gargantua’s resonant vibration frequencies and also of the rates that the vibrations die out by 
feeding energy into gravitational waves—tables based on their own calculations using 
Teukolsky’s equations. Then they added fake observational numbers to go along with the 
theoretical predictions and I added pictures of Gargantua’s event horizon (or rather, the edge of 
its shadow), pictures from simulations by the /nterstellar visual-effects team at Double Negative. 
The result was Romilly’s observational data set. 

When Christopher Nolan filmed the scene where Romilly discusses his observations with 
Amelia Brand, Romilly wound up not actually showing her his data set. It was there ona table, 
but he didn’t pick it up. However, the data set is central to my science extrapolation of 
Interstellar. 


Gargantua’s Resonant Vibrations 


Figure 18.1 is the data set’s first page. Each line of data on that page refers to a single resonant 
frequency at which Gargantua vibrates. 


GARGANTUA 


Quasinormal Mode Frequencies - Averaged Over All Data 


DM Family 

Mode Theory Observed/Theory - 1 
(I,m,n) Re(w) M Im(@) M Re(w) M Im(@) M 
(2,1,0) 0.6664799 0.05541304 0.000054423 0.00038+44 
(2,1,1) 0.6665907 0.1662391 0.000008+8 0.00025+26 
(2,1,2) 0.6667016 0.2770652 0.000040+17 0.00039+39 
(2,1,3) 0.6668124 0.3878913 0.000016424 0.00051+8 
(2,1,4) 0.6669232 0.4987174 0.000003+25 0.00005+8 
(2,0,0) 0.5235067 0.0809975 0.000057+10 0.00017+19 
(2,0,1) 0.5236687 0.2429925 0.000029+9 0.00065+13 
(2,0,2) 0.5238307 0.4049875 0.000005+31 0.00042+15 
(2,0,3) 0.5239927 0.5669825 0.000023+12 0.00039+50 
(2,0,4) 0.5241547 0.7289775 0.000041+61 0.00003+46 
(3,2,0) 1.0749379 0.03192427 0.000014491 0.00009+71 
(3,2,1) 1.0750018 0.09577282 0.000019+32 0.00021+24 
(3,2,2) 1.0750656 0.1596214 0.000004+25 0.00006+21 
(3,2,3) 1.0751295 0.2234699 0.000024+14 0.0011+19 
(3,2,4) 1.0751933 0.2873185 0.000032+38 0.00007+28 
(3,1,0) 0.8623969 0.06574082 0.000004+74 0.00051427 
(3,1,1) 0.8625284 0.1972225 0.00039+1 0.00016+9 
(3,1,2) 0.8626599 0.3287041 0.000019+35 0.00057+41 
(3,1,3) 0.8627914 0.4601857 0.000030+35 0.00002+21 


Fig. 18.1. The first page of the data that Yang and Zimmermann prepared for Romilly to show to Amelia Brand. 


[Prop from Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


The first column is a three-number code for the shape of Gargantua’s vibrations and the 
picture is a still from a movie Romilly took, in my extrapolation of Interstellar, which verified 
that the vibrations had the predicted shape. The second column of data is the vibration frequency 
and the third is the rate at which this vibration dies out, as predicted by Teukolsky’s equations.*” 
The fourth and fifth columns show the difference between Romilly’s observations and the 
theoretical predictions. 

In my extrapolation Romilly finds a few anomalies, severe disagreements between his 
observations and the theory. He prints the disagreements in red. On page one of the data set 
(Figure 18.1), there is just one anomaly, but the disagreement is severe: thirty-nine times larger 
than the uncertainty in his measurements! 

These anomalies might be helpful in “solving gravity’ (learning how to harness the 
anomalies), Romilly thinks, in my extrapolation. He wishes he could transmit what he has learned 
to Professor Brand back on Earth, but the outbound communication link has been severed, so he’s 
frustrated. 

Even more, he wishes he could see inside Gargantua, to extract the crucial quantum data 
embedded in its singularity (Chapter 26). But he can’t. 

And he doesn’t know whether the anomalies he observed are encoding some of the quantum 
data or not. Perhaps, with the hole spinning so rapidly, some of the quantum data leaked out 
through the horizon and produced the anomalies. Maybe Professor Brand could figure that out, if 
only Romilly could transmit the data to him. 

I say a lot more later (Chapters 24—26) about gravitational anomalies, and quantum data from 
inside Gargantua as the key to harnessing the anomalies. But that’s later. For now, let’s continue 
our exploration of Gargantua’s environs, turning next to Mann’s planet. 


32 The table’s numerical values for the resonant frequencies are not in familiar units. To convert to familiar units, we must multiply 
by the cube of the speed of light and divide by 21GM, where n = 3.14159..., G is Newton’s gravitational constant, and M is 
Gargantua’s mass. This conversion factor is approximately one vibration per hour, so the first predicted frequency in the table is 
about 0.67 vibrations per hour. The conversion factor for the die-out rate is the same. 


Mann’s Planet 
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A fter discovering that Miller’s planet is hopeless for human colonization, Cooper and his crew 


travel to Mann’s planet. 


The Planet’s Orbit and Lack of Sun 


I have deduced a plausible orbit for Mann’s planet from two things in /nterstellar: 

First, Doyle says the trip to Mann’s planet will require months. From this I infer that, when the 
Endurance arrives at Mann’s planet, it must be far from Gargantua’s vicinity where the trip 
began. Second, almost immediately after the Endurance’s explosive accident in orbit around 
Mann’s planet, the crew find the Endurance being pulled toward Gargantua’s horizon. From this I 
infer that, when they leave Mann’s planet, the planet must be near Gargantua. 

To achieve both requirements, the orbit of Mann’s planet must be highly elongated. And to 
avoid the planet’s being engulfed by Gargantua’s accretion disk as it nears Gargantua, the orbit, 
so far as possible, must be far above or below Gargantua’s equatorial plane, where the disk 
resides. 


Fig. 19.1. A possible orbit for Mann’s planet, computed using a highly user-friendly web application written by 
David Saroff; see http://demonstrations .wolfram.com/3DKerrBlackHoleOrbits. 


This dictates an orbit something like that shown in Figure 19.1, though extending much farther 
from Gargantua, to 600 Gargantua radii or more.” Like the orbit of Halley’s comet in our solar 
system (Figure 7.5), the planet swings close around Gargantua then flies out to a large distance, 
then returns, swings around Gargantua, and flies out again. The whirl of space near Gargantua 
makes the planet fly around Gargantua once or twice on each swing by, and makes its orbit 
precess through a large angle from one outward excursion to the next, as shown in the figure. 

Mann’s planet can’t be accompanied by a sun on its inward and outward journeys because, 
when near Gargantua, huge tidal forces would pry the planet and its sun apart, sending them 
onward in markedly different orbits. Therefore, like Miller’s planet, it must be heated and lit by 
Gargantua’s anemic accretion disk. 


The Trip to Mann’s Planet 


The Endurance’ s trip to Mann’s planet begins near Gargantua and ends far from it. Such a trip— 
in my scientist’s interpretation of the movie—requires two gravitational slingshots (Chapter 7), 
one at the beginning of the trip and one at the end. 

At the beginning, the challenges are twofold: In its parking orbit near Gargantua, the 
Endurance is moving at a third of light speed, c/3, in the wrong direction, a circumferential orbit 
around Gargantua; it must be deflected into radial motion, away from Gargantua. And the 
Endurance isn’t moving fast enough. Gargantua’s gravitational pull is so strong that, if the 
Endurance 1s deflected onto a radial trajectory but still has its starting speed of c/3, then 


Gargantua will pull it to a halt by the time it has traversed only a small fraction of the distance to 
Mann’s planet. To overcome Gargantua’s gravity and reach Mann’s planet moving with the same 
speed as the planet, roughly c/20, the first slingshot must accelerate the Endurance up to nearly 
half the speed of light. To achieve this, Cooper must find an intermediate-mass black hole 
(IMBH) at an appropriate location and moving with a suitable velocity. 

Finding the necessary IMBH is not easy, and having found it, reaching it at the right point and 
moment in its orbit may not be easy. Most of the months’-long trip may be spent reaching the 
IMBH, and it might entail considerable waiting for the IMBH to arrive. Once the slingshot is 
completed, the trip to Mann’s planet, with speed about c/2 initially and gradual slowing to 
roughly c/20, will take roughly an additional forty days. 

In the second slingshot, near Mann’s planet, the Endurance swings around a suitable IMBH 
and soars into a gentle rendezvous with the planet: a rendezvous that doesn’t require much rocket 
fuel. 


Arrival at Mann’s Planet: Ice Clouds 


In the movie, the Endurance parks in orbit around Mann’s planet, and then Cooper and his crew 
descend to the planet in a Ranger. The planet is covered with ice, as one might expect, since (in 
my interpretation) it spends most of its life far from the warmth of Gargantua’s accretion disk. As 
the Ranger nears the planet, we see it maneuver among what appear to be clouds, but then it 
scrapes along one (Figure 19.2) and we discover the cloud is actually made from some sort of 


1ce. 


Fig. 19.2. The Ranger scraping the edge of an “ice cloud” on Mann’s planet. /From Interstellar, used courtesy of 
Warner Bros. Entertainment Inc.] 


Motivated by a conversation with Paul Franklin, I imagine that these clouds are largely frozen 
carbon dioxide, “dry ice,” and they are starting to be warmed as the planet is on its inward 
excursion toward the accretion disk, as in Figure 19.1. When warmed, dry ice sublimates— 


vaporizes—and so what appears to be clouds may be a mixture of dry ice and sublimating vapor; 
perhaps mostly vapor. At lower altitudes, where the Ranger lands, temperatures are higher and 
the ice on which they land is presumably all frozen water. 


Dr. Mann’s Geological Data 


In the movie, Dr. Mann has been searching for organic material on his planet and he claims to 
have found promising evidence. Promising but not definitive. He shows his data to Brand and 
Romilly. 

The data consist of field notes that indicate where each rock sample was collected and the 
geological environment there, together with chemical analyses of the sample. Those chemical 
analyses are Dr. Mann’s evidence of organics. 

Figure 19.3 shows a page from these data. The data were actually prepared for the movie by 
Erika Swanson, a talented geology PhD student at Caltech. Erika has done fieldwork and 
chemical analyses somewhat similar to Dr. Mann’s. 
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Fig. 19.3. Top: Romilly (played by David Oyelowo) and Brand (played by Anne Hathaway) discuss Dr. Mann’s 
geological data with him. Bottom: One page of data, prepared for the movie by Erika Swanson: the results of 
chemical analyses of rocks collected on the purported surface of the planet. Several rocks show promising 
evidence of organic material that could have arisen from living things. [From Interstellar, used courtesy of Warner Bros. 
Entertainment Inc.] 


In the movie, it turns out that Dr. Mann has faked his data. That’s a bit ironic since, of course, 


Erika faked her data too. She has never made a field trip to Mann’s planet. Perhaps someday . . . 

In this book I say nothing about the tragedy of Dr. Mann. It’s a human tragedy, involving little 
science. The tragedy’s climax is an explosion that severely damages the Endurance. The 
explosion, the damage, and the Endurance’s design: that’s the stuff of science and engineering, so 
let’s discuss them. 


33 In the movie, when the Endurance is in orbit around Mann’s planet, we see Gargantua subtending about 0.9 degrees on the sky 
—nearly twice the size of the Moon as seen from Earth. From this I compute that Mann’s planet is about 600 Gargantua radii 
from the black hole. At this distance, the time required for the planet to travel inward to near Gargantua is at least forty days—a 
lot longer than the crew seem to spend on and near Mann’s planet, but reasonable for the outward trip to reach the planet; see 
Chapter 7. 


The Endurance 
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Tidal Gravity and the Endurance’s Design 


The Endurance has twelve modules linked in a ring, and a control module at the ring’s center 


(Figure 20.1). Two landers and Rangers dock onto the Endurance’s central module. 


Fig. 20.1. The Endurance, with two Rangers and two landers docked onto its central, 
control module. The Rangers are oriented out of the Endurance’s ring plane; the 
landers, parallel to it. [From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


In my scientist’s interpretation of the movie, the Endurance was designed to survive strong 
tidal gravitational forces. This was important for the Endurance’s trip through the wormhole. The 
Endurance ring’s diameter of 64 meters is nearly 1 percent of the wormhole’s circumference. 
Steel and other solid materials break or flow, when subjected to distortions bigger than about a 
few tenths of a percent, so the dangers were obvious. And little was known about what the 
Endurance would encounter on the Gargantua side of the wormhole, so it was designed to 
withstand tidal forces far stronger than the wormhole’s. 

Now, a thin fiber can be bent around into complicated shapes without any portion of the 
fiber’s material being distorted by anything close to 1 percent. The key is the thinness of the fiber. 
You could imagine the Endurance’s strength relying on a huge number of thin fibers stretching 
around the ring, like the strands of a cable that hold up a suspension bridge and can bend as 
needed when a strong wind blows. But that would make the ring too flexible. The ring needs much 
resistance to being deformed, so it won’t deform so severely, when subjected to tidal forces, that 
the modules crash into each other. 


The designers, in my interpretation, worked hard to make the Endurance resist deformation 
but be able to deform without breaking if it encounters tidal forces far stronger than anticipated. 


Explosion in Orbit Above Mann’s Planet 


This design philosophy really pays off when Dr. Mann unwittingly triggers a huge explosion that 
breaks the Endurance’s ring, destroys two of the ring modules, and damages two others (Figure 
20.2). 


Fig. 20.2. Left: The explosion on the Endurance, with the lander above and Mann’s planet below. (The ten radial 
light beams are lens flare due to scattering of light in the camera lens, not stuff from the explosion.) Right: The 
damaged Endurance after the explosion. [From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


The explosion sets the ring spinning so fast that its modules feel 70 gees (70 Earth gravities) 
of centrifugal force. Its broken ends swing apart from each other but don’t break, and the ring’s 
modules don’t crash into each other. This, in my scientist’s interpretation, is a great example of 
conservative design by clever engineers! 

Incidentally, I’m impressed by the explosion in the movie. An explosion in space makes no 
sound, as there is no air to transmit the sound waves. The Endurance explosion has no sound. The 
flames in such an explosion must quench quickly, as the oxygen that feeds them is quickly 
disbursed into space. The flames in the movie quench quickly. Paul Franklin tells me that his team 
worked hard to achieve this, as the explosion was a real one, ona movie set, and not a computer- 
generated visual effect. Another example of Christopher Nolan’s commitment to science accuracy. 


Ou discussion of Gargantua’s environs has taken us from the physics of planets (tidal 


deformation, tsunamis, tidal bores, . . .), through Gargantua’s vibrations and the search for organic 
signs of life, to engineering issues (the Emdurance’s robust design and its damaging explosion). 
As much as I enjoy these topics—and I’ve done research or textbook writing on most of them— 
they are not my greatest passion. My passion is extreme physics; physics at the edge of human 
knowledge and just beyond. That’s where I take us next. 


The Fourth and Fifth Dimensions 


Time as the Fourth Dimension 
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la our universe, space has three dimensions: up-down, east-west, and north-south. But to 
schedule lunch with a friend, we must tell her not only where, but also when. In this sense, time is 
a fourth dimension. 

However, time is a different kind of dimension than space. We have no trouble traveling 
westward as well as eastward; we make our choice and go. But having arrived at our luncheon, 
we cannot immediately, then and there, travel backward in time. No matter how hard we may try, 
we can only travel forward. The relativistic laws guarantee it. They enforce it.” 

Nevertheless, time is a fourth dimension; it is the fourth dimension of our universe. The arena 
for our lives is four-dimensional spacetime, three space dimensions plus one time dimension. 

When we physicists explore this spacetime arena by experiments and by mathematics, we 
discover that space and time are unified in several ways. At the simplest level, when we look out 
in space, we are automatically looking backward in time because of how long it takes light to 
reach us. We see a quasar a billion light-years away as it was a billion years ago, when the light 
that enters our telescope was launched on its journey to us. 

At a much deeper level, if you move relative to me at high speed, then we disagree on what 
events are simultaneous. You may think that two explosions, one on the Sun and the other on Earth 
are simultaneous, while I think the Earth explosion was five minutes before the one on the Sun. In 


this sense, what you regard as purely spatial (the separation of the explosions) I see as a mixture 
of space and time. 

This mixing of space and time may seem counterintuitive, but it is fundamental to the very 
fabric of our universe. Fortunately, we can pretty much ignore it in this book except for Chapter 
30. 


The Bulk: Is It Real? 
€® 


Throughout this book, I visualize warped space by picturing our universe as a two-dimensional 
warped membrane, or brane, that resides in a bulk with three space dimensions—as in Figure 
21.1, for example. Of course, in reality our brane has three space dimensions and the bulk has 
four, but I’m not very good at drawing that, so in my pictures I usually throw one dimension away. 


Fig. 21.1. A small black hole spiraling into a large black hole, as viewed from the bulk with one space 
dimension removed. [Drawing by Don Davis based on a sketch by me.] 


Does the bulk really and truly exist, or 1s it just a figment of our imaginations? Until the 1980s, 


most physicists, including me, thought it a figment. 

How could it be a figment? Don’t we know for sure that our universe’s space 1s warped? 
Don’t the radio signals sent to the Viking spacecraft reveal its warpage to high precision (Chapter 
4)? Yes. ... And since our space is truly warped, doesn’t it have to be warped inside some 
higher-dimensional space, inside some bulk? 

No. It is perfectly possible for our universe to be warped without there really existing a 
higher-dimensional bulk. We physicists can describe our universe’s warping, in mathematics, 
without the aid of a bulk. We can formulate Einstein’s relativistic laws, which govern the 
warping, without the aid of a bulk. In fact, that’s how we almost always do it, in our research. The 
bulk, for us, until the 1980s, was just a visual aid. An aid to give us intuition about what’s going 
on in our mathematics, and to help us communicate with each other and with nonphysicists. A 
visual aid. Not a real thing. 

What would it mean for the bulk to be real? How can we test whether it’s real? The bulk is 
real if it can influence things we measure. And until the 1980s we saw no way it could influence 
our measurements. 

Then in 1984 this changed. Radically. Michael Green at the University of London and John 
Schwarz at Caltech had a huge breakthrough in the quest to discover the laws of quantum 
gravity.” But strangely, their breakthrough worked only if our universe is a brane embedded in a 
bulk that has one time dimension and nine space dimensions—a bulk with six more space 
dimensions than our brane. In the mathematical formalism that Green and Schwarz were pursuing, 
called “superstring theory,” the bulk’s extra dimensions influence our brane in major ways, in 
ways that can be measured in physics experiments when we have sufficiently advanced 
technology. In ways that may make it possible to reconcile the laws of quantum physics with 
Einstein’s relativistic laws. 


Fig 21.2. Left. Michael Green (left) and John Schwarz hiking in Aspen, Colorado, in 1984, at the time of their 
breakthrough. Right: Michael Green (left) and John Schwarz (right) being awarded the three-million-dollar 2014 
Fundamental Physics Prize for their breakthrough. In the middle are Yuri Milner (founder of the prize) and Mark 
Zuckerberg (Facebook cofounder). 
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Since the Green-Schwarz breakthrough, we physicists have taken superstring theory very 
seriously and have put great effort into exploring and extending it. And, consequently, we have 
taken very seriously the idea that the bulk truly exists and truly can influence our universe. 


The Fifth Dimension 
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Although superstring theory says the bulk has six more dimensions than our universe, there is 
reason to suspect that, for practical purposes, the number of extra dimensions is really only one. (I 
explain this in Chapter 23.) 

For this reason, and because six extra dimensions is a bit much for a science-fiction movie, 
Interstellar’s bulk has just one extra dimension, for a total of five dimensions in all. It shares 
three space dimensions with our brane: east-west, north-south, and up-down. It shares a fourth, 
time dimension, with our brane. And it has a fifth space dimension, out-back, which extends 
perpendicular to our brane, both above the brane and below, as depicted in Figure 21.3. 


The Bulk 


Our universe [brane] 


The Bulk 


it-Back 
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Fig. 21.3. Our universe as a brane with four spacetime dimensions, residing in a five-dimensional bulk. | have 
suppressed two dimensions from the diagram: time, and our universe’s up-down dimension. 


The out-back dimension plays a major role in /nterstellar, though the Professor and others 
don’t use the phrase “‘out-back,” but instead just refer to “the fifth dimension.” Out-back is central 
to the next two chapters, and to Chapters 25, 29, and 30. 


34 But the relativistic laws do offer the possibility of backward time travel by a circuitous route: going outward in space and 
returning before we left. To this I return in Chapter 30. 
35 See Chapter 3 for a brief description of this quest. 


Bulk Beings 


2D Brane and 3D Bulk 
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la 1844 Edwin Abbott wrote a satirical novella titled Flatland: A Romance of Many 
Dimensions (Figure 22.1).°° Though its satire on Victorian culture seems quaint today and its 
attitude toward women outrageous, the novella’s venue is highly relevant to Interstellar. I 


recommend it to you. 


Fig. 22.1. The cover of the first edition of Flatland. 


It describes the adventures of a square-shaped being who lives in a two-dimensional universe 
called Flatland. The square visits a one-dimensional universe called Lineland, a zero- 
dimensional universe called Pointland, and most amazing of all to him, a three-dimensional 
universe called Spaceland. And, while living in Flatland, he is visited by a spherical being from 
Spaceland. 

In my first meeting with Christopher Nolan, we were both delighted to find the other had read 
Abbott’s novella and loved it. 

In the spirit of Abbott’s novella, imagine that you are a two-dimensional being, like the 
square, who lives in a two-dimensional universe like Flatland. Your universe could be a tabletop, 
or a flat sheet of paper, or a rubber membrane. In the spirit of modern physics, I refer to it as a 
two-dimensional (2D) brane. 

Being well educated, you suppose there is a 3D bulk, in which your brane is embedded, but 
you're not certain. Imagine your excitement when one day you are visited by a sphere from the 3D 
bulk. A “bulk being,” you might call him. 

At first you don’t realize it’s a bulk being, but after much observation and thought, you see no 
other explanation. What you observe is this: Suddenly, with no warning and no apparent source, a 


blue point appears in your brane (top left of Figure 22.2). It expands to become a blue circle that 
grows to a maximum diameter (middle left), and then gradually shrinks to a point (bottom left) and 
disappears completely. 


View in 2D Brane View from 3D Bulk 


eles ae Ti 
2D Brane 


Fig. 22.2. Athree-dimensional sphere passes through a two-dimensional brane. 


You believe in conservation of matter. No object can ever be created from nothing, yet this 
object was. The only explanation you can find is shown in the right half of Figure 22.2. A three- 
dimensional bulk being—a sphere—passed through your brane. As it passed through, you saw in 
your brane its changing two-dimensional cross section. The cross section began with a point at the 
sphere’s south pole (top right). It expanded to a maximal circle, the sphere’s equatorial plane 
(middle right). It then shrank to a point, the sphere’s north pole, and disappeared (bottom right). 

Imagine what would happen if a 3D human being, living in the 3D bulk, passed through your 
2D brane. What would you see? 


Bulk Beings from the Fifth Dimension, Passing Through Our 3D Brane 
© 


Suppose that our universe, with its three space and one time dimensions, really does live in a 
five-dimensional bulk (four space and one time). And suppose there are “hyperspherical beings” 
who live in the bulk. Such a being would have a center and a surface. Its surface would consist of 
all points, in four space dimensions, that are some fixed distance from the center, for example, 30 
centimeters. The bulk being’s surface would have three dimensions and its interior would have 
four. 

Suppose that this hyperspherical bulk being, traveling in the bulk’s out direction or back 
direction, were to pass through our brane. What would we see? The obvious guess is correct. We 
would see spherical cross sections of the hypersphere (Figure 22.3). 


View in our 3D Brane 
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Fig. 22.3. A hyperspherical bulk being passing through our 
brane, as seen in our brane. 


A point would appear from nothing (1). It would expand to become a three-dimensional 
sphere (2). The sphere would expand to a maximum diameter (3), then contract (4), shrink to a 
point (5), and disappear. 

Can you guess what we would see if a four-dimensional human being living in the bulk were 
to pass through our brane? To speculate about this, you need to imagine what a four-dimensional 


human being—with two legs, a torso, two arms, and a head—must “look like” in the bulk, with its 
four space dimensions. And what its cross sections must look like. 


The Nature of Bulk Beings, and Their Gravity 
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If there are bulk beings, what are they made of? Certainly not atom-based matter like us. Atoms 
have three space dimensions. They can only exist in three space dimensions, not four. And this is 
true of subatomic particles as well. And it is true also of electric fields and magnetic fields 
(Chapter 2) and the forces that hold atomic nuclei together. 

Some of the world’s most brilliant physicists have struggled to understand how matter and 
fields and forces behave if our universe really is a brane in a higher-dimensional bulk. Those 
struggles have pointed rather firmly to the conclusion that all the particles and all the forces and 
all the fields known to humans are confined to our brane, with one exception: gravity, and the 
warping of spacetime associated with gravity. 

There might be other kinds of matter and fields and forces that have four space dimensions 
and reside in the bulk. But if there are, we are ignorant of their nature. We can speculate. 
Physicists do speculate. But we have no observational or experimental evidence to guide our 
speculations. In /nterstellar, on Professor Brand’s blackboard, we see him speculating (Chapter 
25). 

It’s a reasonable, half-educated guess that, if bulk forces and fields and particles do exist, we 
will never be able to feel them or see them. When a bulk being passes through our brane, we will 
not see the stuff of which the being is made. The being’s cross sections will be transparent. 

On the other hand, we will feel and see the being’s gravity and its warping of space and time. 
For example, if a hyperspherical bulk being appears in my stomach and has a strong enough 
gravitational pull, my stomach may begin to cramp as my muscles tighten, trying to resist getting 
sucked to the center of the being’s spherical cross section. 

If the bulk being’s cross section appears and then disappears in front of a checkerboard of 
paint swatches, its space warp might lens the swatches, bending the image I see, as in the top half 
of Figure 22.4. 
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Fig. 22.4. A bulk being, passing through our brane, bends 
and swirls our view of a paint-swatch wall. 


And if the bulk being is spinning, it might drag space into a whirling motion that I can feel and 


see, as in the bottom of Figure 22.4. 


Interstellar’s Bulk Beings 
A 


All the characters in /nterstellar are convinced that bulk beings exist, though they use that name 
only rarely. Usually, the characters call the bulk beings “They.” A reverential They. Early in the 
movie, Amelia Brand says to Cooper, “And whoever They are, They appear to be looking out for 
us. That wormhole lets us travel to other stars. It came along right as we needed it.” 

One of Christopher Nolan’s clever and intriguing ideas is to imagine that They are actually 
our descendants: humans who, in the far future, evolve to acquire an additional space dimension 
and live in the bulk. Late in the movie, Cooper says to TARS, “Don’t you get it yet, TARS? They 
aren’t beings. They’re us, trying to help, just like I tried to help Murph.” TARS responds, “People 
didn’t build this tesseract” (in which Cooper is riding; Chapter 29). “Not yet,” Cooper says, “but 
one day. Not you and me but people, people who’ve evolved beyond the four dimensions we 
know.” 

Cooper, Brand, and the crew of the Endurance never actually feel or see our bulk 
descendants’ gravity or their space warps and whirls. That, if it ever occurs, is left for a sequel to 
Interstellar. But older Cooper himself, riding through the bulk in the closing tesseract of Chapter 
30, reaches out to the Endurance’s crew and his younger self, reaches out through the bulk, 
reaches out gravitationally. Brand feels and sees his presence, and thinks he is They. 


36 Widely available on the web. See, for example, the end of the article “Flatland” on Wikipedia. 


Confining Gravity 


The Trouble with Gravity in Five Dimensions 


€& 


le the bulk does exist, then its space must be warped. If it were not warped, then gravity would 


obey an inverse cube law instead of inverse square, our Sun could not hang onto its planets, and 
the solar system would fly apart. 

OK. Pll slow down and explain this more carefully. 

Recall (Chapter 2) that the Sun’s gravitational force lines, like those of the Earth and any 
other spherical body, point radially toward its center and pull objects along themselves toward 
the Sun (Figure 23.1). The strength of the Sun’s gravitational pull is proportional to the density of 
the force lines (the number of lines passing through a fixed area). And since the transverse areas 
(spheres) through which the lines pass have two dimensions, the lines’ density goes down with 
increasing radius r as 1/r’, and so does gravity’s strength. This is Newton’s inverse square law 
for gravity. 


Fig. 23.1. The gravitational force lines around the Sun. 


String theory insists that gravity in the bulk is also described by force lines. If space in the 
bulk is not warped, then the Sun’s gravitational force lines will spread radially outward into the 
bulk (Figure 23.2). Because of the bulk’s extra dimension (just one in /nterstellar), there are 
three transverse dimensions into which gravity can spread instead of just two. Therefore, if the 
bulk exists and is not warped, then the density of force lines and thence gravity’s strength 
should decrease as 1/r? when we move away from the Sun, rather than as 1/r°. The sun’s pull on 
the Earth would be two hundred times weaker, and on Saturn 2000 times weaker. With gravity 
weakening so rapidly, the Sun couldn’t hold onto its planets; they would fly away into interstellar 
space. 
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Fig. 23.2. Gravitational force lines spread radially into the bulk, if the bulk is not warped. The dotted circles are 
solely to guide your eyes. [Patterned on a figure in Lisa Randall’s Warped Passages (Randall 2006).] 


But they don’t fly away. And their measured motions reveal unequivocally that the Sun’s 
gravity weakens as the inverse square of the distance. The conclusion is inescapable: if there is a 


bulk, it must be warped in some manner that prevents gravity from spreading into the fifth 
dimension, the out-back dimension. 


Is Out-Back Curled Up? 
& 


Ifthe bulk’s out-back dimension were curled up into a tight roll, then gravity could not spread far 
into the bulk, and the inverse square law would be restored. 


Fig. 23.3. If the out-back dimension (yellow) is curled up, then outside the blue circle a particle’s gravitational 
force lines (red) are parallel to our brane. 


Figure 23.3 depicts this for the gravity of a tiny particle that resides at the center of the blue 
disk. In this picture, two space dimensions are suppressed, so we see only one of our brane’s 
dimensions (call it north-south) along with the bulk’s out-back dimension. Near the particle, 
inside the blue disk, the force lines spread in the out-back dimension as well as north-south, so 
(with the missing dimensions restored) gravity’s strength obeys an inverse cube law. However, 
outside the blue disk the curl-up makes the force lines lie parallel to our brane. They spread no 
further into out-back, and Newton’s inverse square law is restored. 

Physicists who struggle to understand quantum gravity think this is the fate of all the extra 
dimensions except possibly one or two: they are curled up on microscopic scales, preventing 
gravity from spreading too fast. In Interstellar, Christopher Nolan ignores these curled-up 
dimensions and focuses on just one bulk dimension that’s not curled up. This becomes his out- 
back, fifth dimension. 

Why should out-back not be curled up? For Chris the answer is simple: A curled-up bulk has 
very little volume—nowhere near enough volume to be an arena for interesting science fiction. 
For Cooper to travel into the bulk riding in the tesseract, as he does in the movie, the tesseract 
needs far more volume than a curled-up dimension would provide. 


Out-Back: The Anti-DeSitter Warp 
E 


In 1999, Lisa Randall at Princeton University and MIT and Raman Sundrum at Boston University 
(Figure 23.4) conceived another way to stop gravitational force lines from spreading into the 
bulk: the bulk could suffer what is called “Anti-deSitter warping.” This warping might be 
produced by what are called “quantum fluctuations of bulk fields”—but that’s irrelevant to my 
story so I do not explain it here.*’ Suffice it to say that this mechanism to produce the warping is 
very natural. By contrast, the Anti-deSitter (AdS) warping itself does not /ook natural at all. It 
looks downright weird. 
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Fig. 23.4. Lisa Randall (1962—, right) and Raman Sundrum (1964—, left). 


Suppose you’re a microbe, and you live ina face of a microscopic tesseract (Chapter 29). 
You travel, in your tesseract, out from our brane; perpendicularly out (straight up in Figure 23.5). 
And suppose you have a microbial pal, who also travels perpendicularly out from our brane. 
When you and your pal depart our brane, you are 1 kilometer apart (1000 meters; about 0.6 
miles). Although you both travel precisely outward, perpendicular to our brane, your separation 
plummets precipitously due to AdS warping. When you have traveled a tenth of a millimeter (the 
thickness of a human hair), your separation has decreased tenfold: from 1 kilometer to 100 meters. 
The next 0.1 millimeter of travel reduces your separation by another factor of ten, to 10 meters; 
the next 0.1 millimeter reduces it to 1 meter; and so forth. 
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Fig. 23.5. AdS warping of the bulk. 


This shrinkage of distances parallel to our brane is hard to imagine. I don’t know a good way 
to draw it, no better way than Figure 23.5. But it has marvelous consequences. 

It has the potential to explain a mystery called the “hierarchy problem in the laws of 
physics”—but that’s outside the scope of this book.** And because of the shrinkage, there is very 
little volume, above or below our brane, into which gravitational force lines can spread (Figure 
23.6). Closer to our brane than 0.1 millimeter, the force lines spread into three transverse 
dimensions with impunity, so gravity obeys an inverse cube law. Farther than 0.1 millimeter, the 
force lines are bent parallel to our brane and so spread into just two transverse dimensions, 
whence gravity obeys the observed inverse square law.*? 


Out-Back 


Fig. 23.6. If the bulk experiences AdS warping, then gravitational force lines bend parallel to our brane, because 
far from the brane there is very little volume in which to spread. [Patterned on a figure in Lisa Randall's Warped 


Passages (Randall 2006).] 


The AdS Sandwich: Plenty of Room in the Bulk 
A 


Sadly, the precipitous shrinkage of distances parallel to our brane, as you move outward, makes 
the bulk’s volume above and below our brane too small for Cooper and his tesseract, and too 
small for any other human activity in the bulk. I recognized this problem way back in 2006, when 
Interstellar was in its infancy, and I quickly conceived a solution for my science interpretation of 
the movie: Confine the AdS warping to a thin layer around our brane, a “sandwich.” Do so by 
placing two other branes, confining branes, alongside ours (Figure 23.7). In the sandwich 
between these branes, the bulk suffers AdS warping. Outside the sandwich, the bulk is totally 
unwarped. So there is all the volume any sci-fi writer could want, outside the sandwich, for bulk- 
based adventures. 

How thick must the sandwich be? Thick enough to bend gravitational force lines—emerging 
from our brane—parallel to our brane and hold them there, so we in our brane see gravity obey an 
inverse square law. But no thicker, because added thickness means greater total transverse 
shrinkage, which may cause trouble for bulk-based adventures. (Suppose our whole universe, as 
seen from outside the AdS layer, were shrunk to the size of a pin head!) The required thickness 
turns out to be about 3 centimeters (roughly an inch), so as you travel from our brane to a 
confining brane, distances parallel to our brane shrink by fifteen powers of ten: a thousand 


trillion. 
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Fig. 23.7. The AdS sandwich between two confining branes. The AdS layer between the branes is lightly 
grayed. 


In my interpretation of Interstellar, Gargantua is in the far reaches of the observable universe: 
roughly 10 billion light-years from Earth. Cooper, in the tesseract, rises through the AdS layer, 
from Gargantua’s core into the bulk. There the distance to Earth is 10 billion light-years divided 
by a thousand trillion, which is about the same as the distance between the Sun and the Earth, one 
“astronomical unit” (1 AU; Figure 23.7). Cooper then travels that 1 AU distance through the bulk, 
parallel to our brane, to reach the Earth and visit Murph; see Figure 29.4. 


DANGER: The Sandwich Is Unstable 
A 


In 2006, I used Einstein’s relativistic laws to work out a mathematical description of the AdS 
layer and its confining branes. Because I had never before worked with relativity in five 
dimensions, I asked Lisa Randall to critique my analysis. Lisa browsed it quickly, and then told 
me some good news and some bad news. 

The good news: My idea of an AdS sandwich had been invented six years earlier by Ruth 
Gregory (University of Durham, UK), together with Valery Rubakov and Sergei Sibiryakov 
(Institute for Nuclear Research in Moscow, Russia). This showed I was not being stupid in my 
first mathematical foray into the bulk. I had rediscovered something worth discovering. 

The bad news: Edward Witten (Princeton) and others had shown that the AdS sandwich is 
unstable! The confining branes are under pressure, rather like a playing card that you squeeze end 
to end between your finger and thumb (Figure 23.8). The card bends, and with further squeezing, 
it buckles. Similarly, the confining branes will bend and crash into our brane (our universe), 
destroying it. The entire universe destroyed! That’s the worst news ever!! 

But I can think of several ways to save our universe, if it really does live in an AdS sandwich 
(which I very much doubt it does); several ways to “stabilize the confining branes,” in the jargon 
of physicists. 

In my science interpretation of /nterstellar, Professor Brand, working with Einstein’s 
relativity equations, rediscovers the AdS sandwich, as I did; see the photograph of his blackboard 
in Figure 3.6. How the confining branes are stabilized then gets intertwined with the Professor’s 
struggle to understand and control gravitational anomalies. In the movie, that struggle is spelled 
out mathematically on the sixteen blackboards in Professor Brand’s office; Chapter 25. 
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Fig. 23.8. Aplaying card, compressed end to end, bends and then buckles. 


Traveling Through the AdS Layer 
A 


In the AdS layer, the AdS warpage of space produces tidal forces that are enormous by human 
standards. Any bulk being traveling through the layer to reach our brane must deal with those 
forces. Because we know nothing about the matter of which a bulk being is made—matter with 
four space dimensions—we have no idea whether this is an issue. In science fiction it can be left 
in the hands of the writers. 

Not so for Cooper, riding in the tesseract (Chapter 29). In my interpretation of the movie, he 
has to cross the AdS layer. The tesseract must either protect him from the layer’s enormous tidal 
forces or clear the AdS layer away from his path. Otherwise he’ll be spaghetti fied. 

By confining gravity, the AdS layer regulates its strength. In /nterstellar we see gravity’s 
strength fluctuate, perhaps due to fluctuations in the AdS layer. These fluctuations—gravitational 
anomalies—play a huge role in Interstellar. To them we now turn. 


37 I discuss quantum fluctuations in Chapter 26 and bulk fields in Chapter 25. 
38 For details see Lisa Randall’s Warped Passages (HarperCollins, 2006). 


39 Why is the magic distance, at which the inverse square law begins, 0.1 millimeter instead of, say, 1 kilometer or 1 picometer? I 
have chosen 0.1 millimeter quite arbitrarily. Experiments have proved that gravity obeys the inverse square law down to about 0.1 
millimeter, so that is an upper limit on the magic distance. It could perfectly well be smaller. 


Gravitational Anomalies 


A gravitational anomaly is something about gravity that doesn’t fit our understanding of the 
universe, or our understanding of the physical laws that control the universe—for example the 
falling books, in /nterstellar, that Murph attributes to a ghost. 

Since 1850, physicists have put a lot of effort into searching for gravitational anomalies and 
understanding those few that were found. Why? Because any true anomaly is likely to produce a 
scientific revolution; a major change in what we think is True ©. This, in fact, has happened 
three times since 1850. 

In Interstellar, Professor Brand’s struggle to understand gravitational anomalies is very much 
in the spirit of these previous revolutions; so I describe the previous ones, briefly. 


The Anomalous Precession of Mercury’s Orbit 


© 


Newton’s inverse square law for gravity (Chapters 2 and 23) forces the orbits of the planets 
around the Sun to be ellipses. Each planet feels small gravitational tugs from the other planets, 
and these tugs cause its ellipse to gradually change orientation, that is, to gradually precess. 

In 1859, the astronomer Urbain Le Verrier at the Observatoire de Paris (France) announced he 
had discovered an anomaly in the orbit of the planet Mercury. When he computed the total 
precession of Mercury’s orbit caused by all the other planets, he got the wrong answer. The 


measured precession is larger than the planets could produce by about 0.1 arc second each time 
Mercury traverses its orbit (Figure 24.1). 

Now 0.1 arc second is a tiny angle, just one ten-millionth of a circle. But Newton’s inverse 
square law insists there can be no anomaly whatsoever. 

Le Verrier convinced himself that this anomaly is produced by the gravitational tug of an 
undiscovered planet closer to the Sun than Mercury; “Vulcan” he called it. 

Astronomers searched in vain for Vulcan. They could not find it, nor could they find any other 
explanation for the anomaly. By 1890 the conclusion seemed clear: Newton’s inverse square law 
must be very slightly wrong. 

Wrong in what way? A revolutionary way, it turned out. The way discovered by Einstein 
twenty-five years later. The warping of time and space endow the Sun with a gravitational force 
that obeys Newton’s inverse square law, but only nearly. Not precisely. 

Upon realizing that his new relativistic laws explain the observed anomaly, Einstein was so 
excited that he suffered heart palpitations and felt like something snapped inside himself. “For a 
few days I was beside myself with joyous excitement.” 
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Fig. 24.1. The anomalous precession of Mercury’s orbit. In this picture, | exaggerate the orbit’s ellipticity (its 
elongated shape) and the magnitude of its precession. 


Today the measured anomalous precession and the predictions by Einstein’s laws agree to 
within one part in a thousand (one-thousandth of the anomalous precession), which is the accuracy 
of the observations—a great triumph for Einstein! 


The Anomalous Orbits of Galaxies Around Each Other 
o) 


In 1933 the Caltech astrophysicist Fritz Zwicky announced he had discovered a huge anomaly in 
the orbits of galaxies around each other. The galaxies were in the Coma cluster (Figure 24.2), a 
collection of about a thousand galaxies, 300 million light-years from Earth, in the constellation 
Coma Berenices. 

From the Doppler shifts of the galaxies’ spectral lines, Zwicky could estimate how fast they 
were moving relative to each other. And from the brightness of each galaxy, he could estimate its 
mass and thence its gravitational pull on the other galaxies. The galaxies’ motions were so fast 
that there was no way their gravitational pulls could hold the cluster together. Our best 
understanding of the universe and of gravity insisted that the cluster must be flying apart, and 
would soon be completely destroyed. If so, then the cluster must have formed by random motions 
of all those galaxies and would disrupt in a veritable blink of an eye compared to other 
astronomical phenomena. 
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Fig. 24.2. The Coma cluster of galaxies as seen through a large telescope. 


This conclusion was totally implausible to Zwicky. Something was wrong with our 
conventional wisdom. Zwicky made an educated guess: The Coma cluster must be filled with 


some sort of “dark matter” whose gravity is strong enough to hold the cluster together. 

Now, many anomalies that astronomers and physicists think they have discovered go away 
when observations improve. This one did not. Instead, it spread. By the 1970s it was clear that 
so-called dark matter permeates most all clusters of galaxies and even individual galaxies. By the 
2000s, it was clear that the dark matter gravitationally lenses light from more distant galaxies 
(Figure 24.3), just as Gargantua gravitationally lenses light from stars (Chapter 8). Today that 
lensing is being used to map the dark matter in our universe. 


Fig. 24.3. Dark matter in the galaxy cluster Abell 2218 gravitationally lenses more 
distant galaxies. The images of the lensed galaxies are arc-shaped (e.g., those | 
circled in purple), analogous to arc structures seen in Gargantua’s gravitational lensing, 
Chapter 8. 


And today physicists are fairly sure that the dark matter is truly revolutionary, that it consists 
of fundamental particles of a type never before seen, but a type predicted by our best current 
understanding of the quantum laws of physics. Physicists have embarked on a holy-grail mission: 
a quest to detect these particles of dark matter, shooting through the Earth with near impunity, and 
measure their properties. 


The Anomalous Acceleration of the Universe’s Expansion 


© 


In 1998 two research groups independently discovered an astounding anomaly in the expansion of 
our universe. For this discovery, the groups’ leaders (Saul Perlmutter and Adam Reiss at the 
University of California, Berkeley, and Brian Schmidt at the Australian National University) won 
the 2011 Nobel Prize in Physics. 

Both groups were observing supernova explosions: explosions triggered when a massive star 
exhausts its nuclear fuel and implodes to form a neutron star, and the implosion energy blows off 
the star’s outer layers. They discovered that distant supernovae are dimmer than expected, and 
therefore farther away than expected. Farther enough away that the universe’s expansion must 
have been slower in the past than today. The expansion is accelerating. See Figure 24.4. 
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Fig. 24.4. The distance to the star at the time of explosion (the time that the light we 
see was emitted), under two assumptions: that the universe’s expansion is 
decelerating (red) or accelerating (blue). The explosion was dimmer than expected, so 
farther away. The universe must be accelerating. 


Now, our best understanding of gravity and the universe required, unequivocally, that all 
things in the universe (stars, galaxies, galaxy clusters, dark matter, etc.) must pu// on each other 
gravitationally. And by that pull they must s/ow the universe’s expansion. The universe’s 
expansion must slow down over time, not speed up. 

For this reason, I, personally, didn’t believe the claimed acceleration, nor did many of my 


astronomer and physicist colleagues. We didn’t believe until other observations, by completely 
different methods, confirmed it. Then we caved. 

So what’s going on? There are two possibilities: Something is wrong with Einstein’s 
relativistic laws of gravity. Or something else is filling the universe, in addition to ordinary 
matter and dark matter. Something that repels gravitationally. 

Most physicists love Einstein’s relativistic laws and are loathe to give them up, and so lean 
toward repulsion. The hypothetical material that repels has been given the name “dark energy.” 

The final verdict is not in. But if the cause of the anomaly is, indeed, dark energy (whatever 
that may be), then gravitational observations now tell us that 68 percent of the universe’s mass is 
in dark energy, 27 percent is in dark matter, and only 5 percent is in the kind of ordinary matter of 
which you, I, planets, stars, and galaxies are made. 

So physicists today have another holy grail: to understand whether the universe’s accelerated 
expansion is caused by a breakdown of Einstein’s relativistic laws (and if so, what is the nature 
of the correct laws?), or is caused by repulsive dark energy (and if so, what is the nature of the 
dark energy?). 


Gravitational Anomalies in Interstellar 


A, 


The gravitational anomalies in /nterstellar are seen on Earth, by contrast with the three anomalies 
that I described. 

Physicists have put great effort into searching for such anomalies on Earth, beginning with 
Isaac Newton himself in the late 1600s. Those searches have produced many claimed anomalies, 
but all claims, upon deeper scrutiny, have collapsed. 

The anomalies in /nterstellar are startling for their weirdness and strength, and the way they 
change as time passes. If anything like them had occurred in the twentieth century or early twenty- 
first, physicists would surely have noticed them and explored them with great fervor. Somehow, 
gravity on Earth has been altered in the era of Interstellar. 

And, indeed, Romilly tells Cooper so in the movie: “We started detecting gravitational 
anomalies [on Earth] almost fifty years ago,” and also, around that same time, the most signficant 
anomaly of all: the sudden appearance of a wormhole near Saturn, where before there was none. 

In the movie’s opening scene, Cooper experiences an anomaly himself, while trying to land a 
Ranger spacecraft. “Over the Straights something tripped my fly-by-wire,” he tells Romilly. 

The GPS system that Cooper has adapted to control harvesting machines, as they roam through 
corn fields, has also gone haywire, and a bunch of harvesters have converged on his farmhouse. 
He attributes this to gravitational anomalies that screwed up the gravity corrections that any GPS 
system relies on (Figure 4.2). 


Early in the movie, we see Murph watch, transfixed, as dust falls unnaturally fast to the floor 
of her bedroom, collecting in a bar-code-like pattern of thick lines. And then we see Cooper stare 
at the lines (Figure 24.5) and toss a coin across one. The coin shoots to the floor. 


Fig. 24.5. Cooper stares at the dust pattern on the floor of Murph’s bedroom. [From 
Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


In my science interpretation of Interstellar, I presume that Professor Brand’s team has 
collected a large trove of data on the anomalies. The most interesting data to me as a physicist, 
and to Professor Brand in my movie interpretation, is new and changing patterns of tidal gravity. 

We first met tidal gravity in Chapter 4: the tidal gravity produced by a black hole, and tidal 
gravity on Earth produced by the Moon and Sun. In Chapter 17 we saw Gargantua’s tidal gravity 
in action on Miller’s planet, triggering gigantic “Millerquakes,” tsunamis, and tidal bores. In 
Chapter 16 we met the tiny stretching and squeezing of tidal gravity in a gravitational wave. 

Tidal gravity is produced not only by black holes, the Sun, the Moon, and gravitational waves 
but also, in fact, by all gravitating objects. For example, regions of the Earth’s crust that contain 
oil are less dense than regions containing only rock, so their gravitational pull is weaker. This 
leads to a peculiar pattern of tidal gravitational forces. 

In Figure 24.6, I use tendex lines to illustrate that tidal-force pattern. (See Chapter 4 for a 
discussion of tendex lines.) Squeezing tendex lines (drawn blue) stick out of the oil-bearing 


region, while stretching tendex lines (drawn red) stick out of the denser, oil-free region. As 
always, the two families of tendex lines are perpendicular to each other. 
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Fig. 24.6. Tendex lines above a portion of the Earth’s crust. The red lines produce a 
tidal stretch along themselves. The blue lines produce a tidal squeeze. 


An instrument called a gravity gradiometer can measure these tidal patterns (Figure 24.7). It 
consists of two crossed, solid rods attached to a torsional spring. On the ends of each rod are 
masses that feel gravity. The rods are normally perpendicular to each other, but in the figure the 
blue tendex lines squeeze the top two masses together and squeeze the bottom two together, while 
the red tendex lines stretch the right pair of masses apart and stretch the left pair apart. As a 
result, the angle between the rods decreases until the spring counterbalances the tidal forces. This 
is the gradiometer’s readout, its “readout angle.” 


Fig. 24.7. A simple version of a gravity gradiometer, designed and built by Robert 
Forward at Hughes Research Laboratories in 1970. 


If this gradiometer is flown rightward through the tidal pattern of Figure 24.6, its readout 
angle opens up above the oil-bearing region, and then closes down over the oil-free region. 
Gradiometers like this, but more sophisticated, are used by geologists to search for oil and also 
for mineral deposits. 

NASA has flown a more sophisticated gradiometer called GRACE” (Figure 24.8) to map 
tidal fields everywhere above the Earth, and watch slow changes of tidal gravity produced, for 
example, by the melting of ice sheets. 


Fig. 24.8. GRACE: Two satellites, which track each other with a beam of microwaves, are pushed together by 
blue tendex lines and stretched apart by red tendex lines. The tendex lines, from the Earth below, are not 
shown. 


In my interpretation of Interstellar, most of the gravitational anomalies that Professor Brand’s 
team measures are sudden and unexpected changes in the patterns of tendex lines above the 
Earth’s surface, changes that occur for no obvious reason. The rocks and oil in the Earth’s crust 
are not moving. The melting of ice sheets is much too slow to produce these quick changes. 
People see no new gravitating masses coming near the gradiometers. Nevertheless, the 
gradiometers report changing tidal patterns. Falling dust accumulates in radial lines. Cooper sees 
the coin plunge to the floor. 

The members of Professor Brand’s team monitor these changing patterns and eagerly record 
Cooper’s observations. Their trove of data becomes grist for the Professor’s quest to understand 
gravity, a quest that centers on the Professor’s equation. 


40 The Gravity Recovery and Climate Experiment, a joint US/German space mission launched in May 2002 and still collecting data 
in 2014. 


The Professor’s Equation 
A 


la Interstellar, the gravitational anomalies excite Professor Brand for two reasons. If he can 
discover their cause, that may trigger a revolution in our understanding of gravity, a revolution as 
great as Einstein’s relativistic laws. More important: If he can figure out how to control the 
anomalies, that could enable NASA to lift large colonies of people off the dying Earth, and launch 
them toward a new home elsewhere in the universe. 

For the Professor, the key to understanding and controlling the anomalies is an equation he has 
written on his blackboard (Figure 25.7, below). In the movie, he and Murph struggle to solve his 
equation. 


Murph’s and the Professor’s Notebooks—and the Blackboard 


Before filming began, two impressive Caltech physics students filled notebooks with calculations 
about the Professor’s equation. Elena Murchikova filled a clean, new notebook with calculations 
by grown-up Murph, calculations written with elegant calligraphy. Keith Matthews filled a beat 
up, old notebook with calculations by Professor Brand, in the more sloppy handwriting common 
for old guys like the Professor and me. 

In the movie, grown-up Murph (played by Jessica Chastain) discusses the math in her 
notebook with the Professor (played by Michael Caine). Murchikova, an expert in quantum 


gravity and cosmology, was on set to advise Chastain about her dialog and notebook, and things 
she was to write on the blackboard. It was startling to see these two brilliant and beautiful women 
from very different worlds, both with bright red hair, huddled together. 

As for me, I filled Professor Brand’s blackboard with diagrams and mathematics (Figure 
25.8, below), including the Professor’s equation—THE equation—at Christopher Nolan’s 
request, of course. And I took great pleasure in talking with Michael Caine (Figure 25.1), who 
seemed to view me as a Sort of prototype for the Professor he was playing. And great pleasure in 
watching Chris, a master craftsman, mold the scenes he was filming into precisely the form he 
wanted. 


JE 


Fig. 25.1. Michael Caine (the Professor) and I, on set in the Professor's office. 


Some weeks before filming in the Professor’s office, Chris and I went back and forth about 
what should be the nature of THE equation. (In Figure 1.2, back in Chapter 1, Chris is holding a 
sheaf of papers about the equation, which we are discussing.) Here’s my long scientist’ s 
interpretation for what we wound up with—my extrapolation of the movie’s story. 


Source of the Anomalies—The Fifth Dimension 


In my extrapolation, it does not take long for the Professor to convince himself that the anomalies 
are due to gravity from the fifth dimension. From the bulk. Why? 


The sudden changes in tidal gravity have no apparent source in our four-dimensional universe. 
For example, in my extrapolation the Professor’s team sees the tidal gravity above an oil deposit 
switch, in just a few minutes, from the pattern we expect (top picture in Figure 25.2) to a radically 
different pattern (bottom picture). The oil has not moved. The rocks have not shifted. Nothing in 
our four-dimensional universe has changed except the tidal gravity. 
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Fig. 25.2. Tendex lines (Chapter 4) describing the tidal gravity 
above an oil deposit before and after a sudden change. 


These sudden changes must have a source. If the source is not in our universe, on our brane, 
then there is only one other place it can be, the Professor reasons: in the bulk. 

In my extrapolation, the Professor can think of just three ways that something in the bulk could 
produce these anomalies, and the first two he quickly rejects: 


1. Some object in the bulk—perhaps even a living object, a bulk being—might come near our 
brane but not pass through it (upper right of Figure 25.3). The object’s gravity reaches out 
through all the bulk’s dimensions and so could reach into our brane. However, the AdS layer 


surrounding our brane (Chapter 23) would drive the object’s tidal tendex lines parallel to our 
brane, allowing only a minuscule portion to reach our brane. So the Professor rejects this. 

2. A bulk object, passing through our brane, could produce tidal gravity that changes as the bulk 
object moves (middle right of Figure 25.3). However, in my extrapolation most of the patterns 
of changing gravity that the Professor’s team observed don’t fit this explanation. The tendex 
lines tend to be more diffuse than those froma localized object. Some tidal anomalies might be 
from localized objects, but most must be something else. 

3. Bulk fields passing through our brane could produce the changing tidal gravity (left side of 
Figure 25.3). This, the Professor concludes in my extrapolation, is the most likely explanation 
for most of the anomalies. 


What is a “bulk field”? Physicists use the word field to mean something that extends out 
through space and exerts forces on things it encounters. We have already met several examples of 
fields that live in our universe, our brane: In Chapter 2, magnetic fields (collections of magnetic 
force lines), electric fields (collections of electric force lines), gravitational fields (collections of 
gravitational force lines); and in Chapter 4, tidal fields (collections of stretching and squeezing 
tendex lines). 
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Fig. 25.3. Three ways that the bulk could produce the observed gravitational anomalies. The red and blue 
curves are tidal tendex lines produced by a bulk object or bulk field. 


A bulk field is a collection of force lines that resides in the five-dimensional bulk. What kind 


of force lines, the Professor doesn’t know, but he speculates; see below. Figure 25.3 shows a 
bulk field (dashed purple lines) passing through our brane. This bulk field generates tidal gravity 
in our brane (red and blue tendex lines). As the bulk field changes, its tidal gravity changes, 
resulting (the Professor thinks) in most of the observed anomalies. 

But that isn’t the only role of bulk fields, he suspects—in my extrapolation. They may also 
control the strength of the gravity produced by objects living in our brane, such as a rock or 
planet. 


Bulk Fields Control the Strength of Gravity 


The gravity of each little bit of matter in our brane is governed, to high accuracy, by Newton’s 
inverse square law (Chapters 2 and 23): its gravitational pull is embodied in the formula g = 
Gm/r’, where r is distance from that bit of matter, m is the mass of that bit of matter, and G is 
Newton’s gravitational constant. This G controls the overall strength of the gravitational pull. 

In Einstein’s more accurate, relativistic version of the gravitational laws, the strength of 
gravity, and the strength of all the warping of space and time produced by matter, are also 
proportional to this G. 

If there is no bulk—if the only thing that exists is our four-dimensional universe—then 
Einstein’s relativistic laws say that G is absolutely constant. The same everywhere in space. 
Never changing in time. 

But if the bulk does exist, then the relativistic laws allow this G to change. It might, the 
Professor speculates, be controlled by bulk fields. It probably is controlled by bulk fields, he 
thinks. That’s the best explanation for one of the observed anomalies (Figure 25.4) in my 
extrapolation of the movie’s story. 

The strength of the Earth’s gravitational pull varies slightly from place to place due to the 
varying density of the rocks, oil, oceans, and atmosphere. Earth-orbiting satellites have mapped 
this varying strength. As of 2014 the most accurate map is from the European Space Agency’s 
satellite GOCE"! (top half of Figure 25.4). In 2014, the Earth’s gravity is weakest in southern 
India (blue spot) and strongest in Iceland and Indonesia (red spots). 


Fig. 25.4. Maps of the Earth’s gravitational pull. Top: In 2014 as measured by the GOCE satellite. Bottom: After 
the sudden change in the era of anomalies. 


In my extrapolation, this map did not change noticeably until anomalies started appearing. 


Then one day, quite suddenly, the Earth’s gravitational pull in North America weakened a bit, and 
in South Africa it strengthened (bottom half of Figure 25.4). 

Professor Brand tried to explain this as a change in the tidal forces produced by bulk fields, 
but had difficulty. The best explanation he could find is that the gravitational constant G increased 
inside the Earth, below South Africa, and decreased inside the Earth, below North America. Rock 
below South Africa was suddenly pulling more strongly; rock below North America was 


suddenly pulling more weakly! These changes must have been produced by some sort of bulk field 


that passes through our brane and controls G, he reasoned. 

Bulk fields are not just the key to gravitational anomalies on Earth, Professor Brand believes 
(in my extrapolation). Bulk fields also play two other crucial roles: They hold the wormhole 
open, and they protect our universe from destruction. 


Holding the Wormhole Open 


The wormhole that connects our solar system to Gargantua’s neighborhood, if left to its own 
devices, will pinch off (Figure 25.5). Our connection to Gargantua will be severed. This is the 
unequivocal conclusion of Einstein’s relativistic laws (Chapter 14). 

If there is no bulk, then the only way to hold the wormhole open is to thread it with exotic 
matter that repels gravitationally (Chapter 14). The dark energy that may accelerate our universe’s 
expansion (Chapter 24) is probably not repulsive enough. In fact, it seems likely, in 2014, that the 
laws of quantum physics prevent even an exceedingly advanced civilization from ever collecting 
enough exotic matter to hold the wormhole open. And I imagine this conclusion is even more 
certain in Professor Brand’s era. 

But there is an alternative, the Professor realizes in my extrapolation of the movie’s story. 
Bulk fields may do the job. They may hold the wormhole open. And since the Professor thinks the 
wormhole has been constructed and placed near Saturn by bulk beings, bulk fields holding it open 
seem natural to him. 


Fig. 25.5. The wormhole. Left: Pinching off. Right: Held open by bulk fields. 


Protecting Our Universe from Destruction 


In order for gravity in our universe to obey Newton’s inverse square law to high accuracy, our 
brane must be sandwiched between two confining branes with AdS warping between them 
(Chapter 23). However, the confining branes are filled with pressure” and prone to buckle, like a 
playing card pinched between two fingers (Figure 23.8). This is the unequivocal prediction of 
Einstein’s relativistic laws, applied to the bulk and branes. 

This buckling, if not counteracted, will make the confining branes collide with our brane— 
with our universe (Figure 25.6). Our universe will be destroyed! 

Obviously, our universe has not been destroyed, the Professor observes in my extrapolation. 
So something must prevent the confining branes from buckling. The only thing he can think of to do 
the job is bulk fields. Whenever a confining brane starts to bend, bulk fields must somehow exert 
a force on it, pushing it back into its proper, straight shape. 
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Fig. 25.6. Brane collision. 


The Professor’s Equation, at Last! 


The laws of physics are expressed in the language of mathematics. Before Cooper met Professor 
Brand (in my extrapolation of the movie’s story), the Professor tried to build a mathematical 
description of the bulk fields and how they might generate anomalies, control our universe’s 
gravitational constant G, hold the wormhole open, and protect our brane from collisions. 

In creating this mathematics, the Professor was guided by the trove of observational data his 
team was collecting (Chapter 24), and by Einstein’s relativistic laws of physics in five 
dimensions. 

The Professor embodied all his insights in a single equation, THE equation, which he wrote 
on one of the sixteen blackboards in his office (Figure 25.7).“* Cooper sees the equation on his 
first visit to NASA, and the equation is still there thirty years later, when Murph has grown up to 
become a brilliant physicist in her own right, and is helping the Professor try to solve it. 
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Fig. 25.7. Professor Brand’s equation. 


This equation is called an “Action.” There is a well-known (to physicists) mathematical 
procedure to begin with such an Action, and from it deduce a// the nonquantum physical laws. The 
Professor’s equation, in effect, is the mother of all nonquantum laws. But for it to give birth to the 
right laws—the laws that predict correctly how the anomalies are produced, how the wormhole 
is held open, how G is controlled, and how our universe is protected—the equation must have 
precisely the correct mathematical form. The Professor doesn’t know the correct form. He is 
guessing. His is an educated guess, but a guess nevertheless. 

His equation contains lots of guessing: guesses for the things called “U(Q), AQ’), W, and 
M(standard model fields)” on his blackboard (Figure 25.7). In effect, these are guesses for the 
nature of the bulk fields’ force lines, and how they influence our brane, and how fields in our 
brane influence them. (For more explanation see Some Technical Notes at the end of this book.) 

When the Professor and his team speak of “solving his equation,” in my extrapolation they 
mean two things. First, figure out the right forms for all these things they are guessing: “U(Q), 
HQ), W,, and M(standard model fields).” Second (following the well-known procedure), 
deduce, from his equation, everything he wants to know about our universe, about the anomalies, 


and most important, about how to control the anomalies so as to lift colonies off the Earth. 

When characters in the movie speak of “solving gravity,” they mean the same thing. 

In the movie, when the Professor is very old, we see him and grown-up Murph trying to solve 
his equation by iterations. On a blackboard, they make a list of guesses for the unknown things 
(guesses that I wrote on the board just before the scene was filmed; Figures 25.8 and 25.9). Then, 
in my extrapolation, Murph inserts each guess into a huge computer program that they’ ve written. 
The program computes the physical laws for that guess, and those laws’ predictions for how the 
gravitational anomalies behave. 


Fig. 25.8. | ghost-write iterative guesses on the Professor's blackboard. 


Fig. 25.9. Murph contemplates the list of iterative guesses. [From Interstellar, used courtesy of Warner Bros. 
Entertainment Inc.] 


In my extrapolation, none of the guesses predicts anomalies that look anything like the 
observations. But in the movie, the Professor and Murph keep trying. They keep iterating: making 
a guess, computing the consequences, abandoning the guess, and going on to the next guess, one 
guess after another after another after another, until exhaustion sets in. Then they begin again the 
next day. 

A bit later in the movie, when the Professor is on his deathbed, he confesses to Murph: “I 
lied, Murph. I lied to you.” It is a poignant scene. Murph infers that he knew something was wrong 
with his equation, knew from the outset. And Dr. Mann tells the Professor’s daughter as much in 
an equally poignant scene on Mann’s planet. 

But, in fact—Murph realizes, soon after the Professor’s death—‘His solution was correct. 
He’d had it for years. It’s half the answer.” The other half can be found inside a black hole. Ina 
black hole’s singularity. 


41 Gravity field and steady-state Ocean Circulation Explorer, GOCE. 

42 According to Einstein’s relativistic laws the dark energy that (presumably) makes the expansion of our universe accelerate has a 
second effect: It produces an enormous tension in our brane, like the tension in a stretched rubber band or rubber sheet. And 
Einstein’s laws also dictate that, in order for spacetime outside the AdS sandwich to be free of warping, as we desire, each 
confining brane must have internal pressure that is half as big as our own brane’s internal tension. It is this pressure that is 
dangerous. 

43 Or the buckling could make one or both branes spring outward, releasing the AdS layer and so destroying Newton’s inverse 
square law and making the planets all fly away from the Sun—not quite so bad for our universe, but pretty miserable for humans. 


44 The meanings of the various symbols in the equation are spelled out on the Professor’s other fifteen blackboards, along with other 


information about the equation, all of which I ghost-wrote for the movie’s filming. You can see photographs of all sixteen 
blackboards on this book’s page at Interstellar.withgoogle.com. 


Singularities and Quantum Gravity 


In Interstellar Cooper and TARS seek quantum data inside Gargantua, data that could help the 
Professor solve his equation and lift humanity off Earth. The data, they believe, must reside inside 
a singularity that inhabits Gargantua’s core—a “gentle” singularity, Romilly predicts. What are 
the quantum data? How could they help the Professor? And what is a gentle singularity? 


The Primacy of Quantum Laws 
© 


Our universe is fundamentally quantum. By this I mean that everything fluctuates randomly, at least 
a little bit. Everything! 

When we use high-precision instruments to look at tiny things, we see big fluctuations. The 
location of an electron inside an atom fluctuates so rapidly and so randomly, that we can’t know 
where the electron is at any moment of time. The fluctuations are as big as the atom itself. That’s 
why the quantum laws of physics deal with probabilities for where the electron is and not with its 
actual location (Figure 26.1). 
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Fig. 26.1. Probability for electron’s location inside two different hydrogen atoms. The 
probability is big in the white regions, smaller in the red, and very small in the black. 
The numbers (3,0,0) and (3,2,0) are the names of the two atoms’ probability pictures. 


When we use instruments to look at big things, we also see fluctuations, if our instruments are 
precise enough. But the fluctuations of big things are minuscule. In the LIGO gravitational wave 
detectors (Chapter 16), laser beams monitor the locations of hanging mirrors that weigh 40 
kilograms (90 pounds).* Those locations fluctuate randomly, but by amounts far less than the size 
of an atom: one ten-billionth of an atom’s size, in fact (Figure 26.2). Nevertheless, LIGO’s laser 
beams will see those fluctuations a few years from now. (LIGO’s design prevents those random 
fluctuations from getting in the way of measuring gravitational waves. My students and I helped 
make sure of this.) 


Fig. 26.2. A40-kilogram mirror being prepared for installation in LIGO. Its location 
fluctuates, quantum mechanically, very, very slightly: one ten-billionth the diameter of 
an atom. 


Because objects of human size and larger have only minuscule quantum fluctuations, 
physicists almost always ignore those fluctuations. Discarding the fluctuations, in our 
mathematics, simplifies the laws of physics. 

If we begin with the ordinary quantum laws that ignore gravity and then discard the 
fluctuations, we obtain the Newtonian laws of physics—the laws used for the past few centuries 
to describe planets, stars, bridges, and marbles. See Chapter 3. 

If we begin with the ill-understood laws of quantum gravity and then discard the fluctuations, 
we must obtain Einstein’s well-understood relativistic laws of physics. The fluctuations we 
discard are, for example, a froth of fluctuating, exquisitely tiny wormholes (“quantum foam” that 
pervades all of space; Figure 26.3 and Chapter 14).“° With the fluctuations gone, Einstein’s laws 
describe the precise warping of space and time around black holes, and the precise slowing of 
time on Earth. 

This is all the preamble to a punch line: Zf Professor Brand could discover the quantum 
gravity laws for the bulk as well as our brane, then by discarding those laws’ fluctuations, he 
could deduce the precise form of his equation (Chapter 25). And that precise form would tell 
him the origin of the gravitational anomalies and how to control the anomalies—how to employ 


them (he hopes) to lift colonies off Earth. 


Fig. 26.3. Quantum foam. There is some probability (Say, 0.4) that the foam will have 
the upper left shape, another probability (say, 0.5) for the upper right shape, and 


another (say, 0.1) for the lower shape. [Drawing by Matt Zimet based on a sketch by me; from 
my book Black Holes & Time Warps: Einstein’s Outrageous Legacy.] 


In my extrapolation of the movie, the Professor knows this. And he also knows a place where 
the quantum gravity laws can be learned: inside singularities. 


Singularities: The Domain of Quantum Gravity 
© 


The beginning ofa singularity is a place where the warping of space and time grows without 
bound. Where space warps and time warps become infinitely strong. 

If we think of our universe’s warped space as like the undulating surface of the ocean, then the 
beginning of a singularity is like the tip ofa wave that is about to break, and the interior of the 
singularity is like the froth after it breaks (Figure 26.4). The smooth wave, before it breaks, is 
governed by smooth laws of physics, analogs of Einstein’s relativistic laws. The froth after it 
breaks requires laws capable of dealing with frothing water, analogs of the laws of quantum 
gravity with their quantum foam. 
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Fig. 26.4. A singularity at the tip of an ocean wave that is about to break. 


Singularities inhabit the cores of black holes. Einstein’s relativistic laws predict them 
unequivocally, even though those laws can’t tell us what happens inside the singularities. For that, 
we need the quantum gravity laws. 

In 1962 I moved from Caltech (my undergraduate school) to Princeton University, to study for 
a PhD in physics. I chose Princeton because John Wheeler taught there. Wheeler was that era’s 
most creative genius, when it comes to Einstein’s relativistic laws. I wanted to learn from him. 

One September day, with trepidation I knocked on the door of Professor Wheeler’s office. It 
would be my first meeting with the great man. He greeted me with a warm smile, ushered me in, 
and immediately—as though I were an esteemed colleague, not a total novice—began discussing 
the mysteries of the implosions of stars. Implosions that produce black holes with singularities in 
their cores. These singularities, he asserted, “are a place in which the fiery marriage of Einstein’s 
relativistic laws with the quantum laws is consummated.” The fruits of that marriage, the laws of 
quantum gravity, come into full blossom in singularities, Wheeler asserted. If we could 
understand singularities, we would learn the laws of quantum gravity. Singularities are a rosetta 
stone for deciphering quantum gravity. 


Fig. 26.5. John Wheeler in 1971, lecturing about singularities, black holes, and the universe. 


From that private lecture, I emerged a convert. From Wheeler’s public lectures and writings, 
many other physicists emerged as converts and embarked on a quest to understand singularities 
and their quantum gravity laws. That quest continues today. That quest produced superstring 
theory, which in turn led to a belief that our universe must be a brane residing in a higher 
dimensional bulk (Chapter 21). 


Naked Singularities? 
€&® 


It would be fabulous if we could find or make a singularity outside a black hole. A singularity not 
hidden beneath a black hole’s event horizon. A naked singularity. Then in Interstellar the 
Professor’s task could be easy. He might extract the crucial quantum data from a naked singularity 
in his NASA lab. 

In 1991, John Preskill and I made a bet about naked singularities with our friend Stephen 
Hawking. Preskill, a Caltech professor, is one of the world’s great experts on quantum 
information. Stephen is the “wheelchair guy” who appears on Star Trek, The Simpsons, and The 
Big Bang Theory. He also happens to be one of the greatest geniuses of our era. John and I bet the 
laws of physics permit naked singularities. Stephen bet they are forbidden (Figure 26.6). 

None of us thought the bet would be resolved quickly, but it was. Just five years later 
Matthew Choptuik, a postdoctoral student at the University of Texas, carried out a simulation ona 
supercomputer that he hoped would reveal new, unexpected features of the laws of physics; and 
he hit the jackpot. What he simulated was the implosion of a gravitational wave.“ When the 
imploding wave was weak, it imploded and then disbursed. When it was strong, the wave 


imploded and formed a black hole. When its strength was very precisely “tuned” to an 
intermediate strength, the wave created a sort of boiling in the shapes of space and time. The 
boiling produced outgoing gravitational waves with shorter and shorter wavelengths. It also left 
behind, at the end, an infinitesimally tiny naked singularity (Figure 26.7). 


Whereas Stephen W. Hawking firmly believes that 
naked singularities are an anathema and should 
be prohibited by the laws of classical physics, 


And whereas John Preskill and Kip Thorne 
regard naked singularities as quantum 
gravitational objects that might exist unclothed 
by horizons, for all the Universe to see, 


Therefore Hawking offers, and Preskill/Thorne 
accept, a wager with odds of 100 pounds stirling 
to 50 pounds stirling, that when any form of 
classical matter or field that is incapable of 
becoming singular in flat spacetime is coupled to 
general relativity via the classical Einstein 
equations, the result can never be a naked 
singularity. 


The loser will reward the winner with clothing to 
cover the winner’s nakedness. The clothing is to 
be embroidered with a suitable concessionary 
message. 


Stephen W. Hawking John P. Preskill & Kip S. Thorne 
Pasadena, California, 24 September 1991 E 
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Fig. 26.6. Our bet about naked singularities. 


(b) 


Fig. 26.7. Left: Matthew Choptuik. Middle: An imploding gravitational wave. Right: The boiling produced by the 
wave, and the naked singularity at the center of the magnifying glass. 


Now, such a singularity can never occur in nature. The required tuning is not a natural thing. 
But an exceedingly advanced civilization could produce such a singularity artificially by 
precisely tuning a wave’s implosion, and then could try to extract the laws of quantum gravity 
from the singularity’s behavior. 

Upon seeing Choptuik’s simulation, Stephen conceded our bet—“‘on a technicality,” he said 
(bottom of Figure 26.6). He thought precise tuning unfair. He wanted to know whether naked 
singularities can occur naturally, so we renewed our bet with a new wording that the singularity 
must arise without any need for precise tuning. Nevertheless, Stephen’s concession, in a very 
public venue (Figure 26.8) was a big deal. It made the front page of the New York Times. 
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Fig. 26.8. Hawking conceding to Preskill and Thorne at a 1997 Caltech lecture by 


Hawking. 


Despite our renewed bet, I doubt that naked singularities do exist in our universe. In 
Interstellar, Dr. Mann firmly asserts that “the laws of nature prohibit a naked singularity,” and 
Professor Brand never even mentions that possibility. Instead, the Professor focuses on 
singularities inside black holes. Those, he thinks, are the only hope for learning the laws of 
quantum gravity. 


The BKL Singularity Inside a Black Hole 
€&® 


In Wheeler’s era (the 1960s), we thought of a singularity inside a black hole as like a sharp point. 
A point that squeezes matter until the matter becomes infinitely dense and is destroyed. That’s 
how, until now in this book, I have depicted a black hole’s singularity (Figure 26.9, for example). 

Since Wheeler’s era, mathematical calculations with Einstein’s laws have taught us that these 
pointy singularities are unstable. To create them inside a black hole requires precise tuning. When 
perturbed ever so slightly, for example by something falling in, they change enormously. Change 
into what? 

Three Russian physicists— Vladimir Belinsky, Isaac Khalatnikov, and Eugene Lifshitz—used 
long, complicated calculations to guess the answer, in 1971. And in the 2000s, when computer 
simulations became sufficiently advanced, their guess was confirmed by David Garfinkle at 
Oakland University. The resulting, stable singularities now carry the name BKL in honor of 
Belinsky, Khalatnikov, and Lifshitz. 


Fig. 26.9. Lia Halloran’s fanciful drawing of several black holes with singularities at 
their pointy tips. [A segment out of Fig. 4.5.] 


A BKL singularity is chaotic. Highly chaotic. And lethal. Highly lethal. 

In Figure 26.10, I depict the warping of space outside and inside a fast-spinning black hole. 
The BKL singularity is at the bottom. If you fall into this black hole, its interior at first is smooth 
and perhaps pleasant. But as you near the singularity, the space around you begins to stretch and 
squeeze in a chaotic pattern. And tidal forces begin to stretch and squeeze you, chaotically. The 
stretch and squeeze are gentle at first, but quickly they become strong, then ultrastrong. Your flesh 
and bones are pummeled and give way. Then the atoms of which your body was made are 
pummeled and give way—distorted beyond recognition. 
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Fig. 26.10. The warped space of a fast-spinning black hole 
such as Gargantua, with the BKL singularity at the bottom. 
The chaotic stretch and squeeze near the singularity are 
depicted heuristically, not precisely. 


All this and its chaotic pattern are described by Einstein’s relativistic laws. It is this that the 
Russians, B, K, and L, predicted. What they could not predict, what nobody can predict today, is 
the fate of your atoms and subatomic particles when the chaotic pummeling grows to an infinite 
crescendo. Only the laws of quantum gravity know their fate. But you, yourself, are long since 
dead, with no possibility to retrieve the quantum data and escape. 

I labeled this section ©® for educated guess, because we are not absolutely certain that the 
singularity inside a black hole’s core is a BKL one. BKL singularities are surely allowed by 
Einstein’s relativistic laws. Garfinkle confirmed it by computer simulations. But more 
sophisticated simulations are needed to confirm that the BKL patterns of humongous stretch and 
squeeze do actually occur in the core of a black hole. I’m almost sure the result of those 
simulations will be “yes, they do occur.” But I’m not completely certain. 


A Black Hole’s Infalling and Outflying Singularities 
ey 


My physicist colleagues and I were pretty sure in the 1980s, as an educated guess, that there is 
just one singularity inside a black hole, and it’s a BKL singularity. We were wrong. 

In 1991 Eric Poisson and Werner Israel at the University of Alberta, Canada, working with 
the mathematics of Einstein’s laws, discovered a second singularity. This one grows with time as 
the black hole ages. It’s caused by extreme slowing of time inside the black hole. 

If you fall into a spinning black hole such as Gargantua, lots of other stuff inevitably will fall 
in after you: gas, dust, light, gravitational waves, and so forth. This stuff may take millions or 
billions of years to enter the hole as seen by me, watching from outside. But as seen by you, now 
inside the hole, it may take only a few seconds or less, due to the extreme slowing of your time 
compared with mine. As a result, as seen by you this stuff all piles up in a thin sheet, falling 
inward toward you at the speed of light, or nearly the speed of light. This sheet generates intense 
tidal forces that distort space and will distort you, if the sheet hits you. 

The tidal forces grow to become infinite. The result is an “infalling singularity” (Figure 
26.11),** governed by the laws of quantum gravity. However, the tidal forces grow so swiftly 
(Poisson and Israel deduced) that, if they hit you, they will have deformed you by only a finite 
amount at the moment you reach the singularity. This is explained in Figure 26.12, which plots 
your net stretch along the up-down direction and squeeze along the north-south and east-west 
directions, as time passes. When you hit the singularity, your net stretch and squeeze are finite, but 
the rates at which you are being stretched and squeezed (the slopes of the black curves) are 
infinite. Those infinite rates are the infinite tidal forces, signaling the singularity. 
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Fig. 26.11. The infalling singularity, created by stuff that falls 
into the black hole after you. The stuff is epitomized by 
alternating layers of black, red, gray, and orange. 
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Fig. 26.12. Your net stretch and squeeze, as time passes, 
when the infalling singularity descends on you. 


Because your body has been stretched and squeezed by only a finite net amount, when you 
reach the singularity, it is conceivable you might survive. (Conceivable but unlikely, I think.) In 
this sense, the infalling singularity is far more “gentle” than the BKL singularity. If you do 
survive, what happens next is known only to the laws of quantum gravity. 

In the 1990s and 2000s, we physicists thought this was the whole story: A BKL singularity, 
created when the black hole is born. And an infalling singularity that grows afterward. That’s all. 

Then in late 2012, while Christopher Nolan was negotiating to rewrite and direct Interstellar, 
a third singularity was discovered by Donald Marolf (University of California at Santa Barbara) 
and Amos Ori (The Technion, in Haifa, Israel). It was discovered, of course, via an in-depth 
study of Einstein’s relativistic laws and not via astronomical observations. 

In retrospect, this singularity should have been obvious. It is an outflying singularity that 
grows as the black hole ages, just like the infalling singularity grows. It is produced by stuff (gas, 
dust, light, gravitational waves, etc.) that fell into the black hole before you fell in; Figure 26.13. 
A tiny fraction of that stuffis scattered back upward toward you, scattered by the hole’s warpage 


of space and of time, much like sunlight scattered off a curved, smooth ocean wave, which brings 
us an image of the wave. 
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Fig. 26.13. The outflying singularity, created by back- 
scattered stuff that fell into the black hole before you; and the 
infalling singularity, created by stuff that falls in after you. You 
are sandwiched between them. Shown dimmed out is the 
exterior of the black hole and the BKL singularity, with which 
you can no longer have contact because they are beyond the 
singularities that sandwich you. 


The upscattered stuff gets compressed, by the black hole’s extreme slowing of time, into a thin 
layer rather like a sonic boom (a “shock front’). The stuff s gravity produces tidal forces that 
grow infinitely strong and thence become an outflying singularity. But as for the infalling 
singularity, so also for this outflying one, the tidal forces are gentle: They grow so quickly, so 
suddenly, that, if you encounter one, your net distortion is finite, not infinite, at the moment you hit 


the singularity. 

In Interstellar, Romilly tells Cooper about these gentle singularities: “I have a suggestion for 
your return journey [from Mann’s planet]. Have one last crack at the black hole. Gargantua’s an 
older, spinning black hole. [It has] what we call a gentle singularity.” “Gentle?” Cooper asks. 
“They’re hardly gentle, but their tidal gravity is quick enough that something crossing the horizon 
fast might survive.” Cooper, lured by this conversation and the quest for quantum data, later 
plunges into Gargantua (Chapter 28). It’s a brave plunge. He can’t know in advance whether he’ Il 
survive. Only the laws of quantum gravity know for sure. Or the bulk beings . . . 


W e’ve now laid the extreme-physics foundations for /nterstellar’s climactic scenes, so let’ s 


turn to the climax. 


45 More precisely, the locations of the mirrors’ centers of mass. 
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46 In 1955, John Wheeler pointed out the likely existence of quantum foam, with wormhole sizes 1 meters: 10 trillion trillion times 


smaller than an atom; the so-called Planck length. 

47 The thing he simulated was actually something called a scalar wave, but that is an irrelevant technicality. A few years later 
Andrew Abrahams and Chuck Evans at the University of North Carolina repeated Choptuik’s simulations using a gravitational 
wave and got the same result: a naked singularity. 

48 Israel and Poisson gave this singularity the name mass inflation singularity, and that is the name that physicists have used ever 
since. I prefer infalling singularity and use that name in this book. 


The Volcano’s Rim 
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Lae in Interstellar, Cooper has just dragged the Endurance out of its death spiral at Mann’ s 
planet and feels a great sense of relief when the robot Case says to him: “We’re heading into 
Gargantua’s pull.” 

Cooper makes a quick decision: “The navigation mainframe’s destroyed and we don’t have 
enough life support to make it back to Earth. But we might scrape to Edmunds’ planet.” “What 
about fuel?” Amelia Brand asks. “Not enough,” Cooper responds. “Let Gargantua suck us right to 
[near] the horizon, then a powered slingshot around to launch us at Edmunds’ planet.” 
“Manually?” “That’s what I’m here for. Pll take us just inside the critical orbit.” 

Within minutes they are at the critical orbit and all hell breaks loose. 

In this chapter, I describe my scientist’s interpretation of this. 


Tidal Gravity: Breaking the Endurance Away from Mann’s Planet 


In my interpretation Mann’s planet is on a highly elongated orbit (Chapter 19). When the 
Endurance arrived at the planet, it was rather far from Gargantua but zooming inward. The 
Endurance’s explosion (Chapter 20) occurred when the planet was nearing the black hole (Figure 
27.1). 

Cooper rescues the Endurance after the explosion and lifts it upward, away from the planet. 


In my interpretation, he lifts the Endurance high enough for Gargantua’s huge tidal forces to pry it 
away from the planet, sending it on a separate trajectory (Figure 27.2). 

Centrifugal forces fling Mann’s planet outward on its next distant excursion, while the 
Endurance heads onto the critical orbit.” 


Gargantua 


Mann’s Planet 
Fig. 27.1. The orbit of Mann’s planet and its location at the moment of the Endurance’s explosion. 


Mann’s Planet 


Fig. 27.2. The Endurance is pried away from Mann’s planet by Gargantua’s tidal forces. [Image of the Endurance is 
from \nterstellar.] 


The Critical Orbit and the Volcano Analogy 


I discuss the critical orbit using a different type of picture than I’ve used before: Figure 27.3. I 
first describe this picture heuristically, and then I explain it in physicists’ language. 
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Fig. 27.3. The Endurance’s trajectory on a volcano-like surface that represents its gravitational and centrifugal 
energies. 


Think of the surface in Figure 27.3 as that of a smooth, granite sculpture sitting on the floor in 
your home. It sinks down to a deep moat that surrounds a sculpted volcano. 

The Endurance, after being pried away from Mann’s planet, is like a tiny marble that rolls 
freely on this granite surface. As it rolls inward toward the moat, the marble picks up speed, 
because of the surface’s downward slope. It then rolls up the volcano’s side, slowing as it goes, 
and arrives on the volcano’s rim with some residual circumferential motion. And it then rolls 
around and around on the rim, delicately and unstably balanced between falling inward, into the 
volcano, and falling back outward and down to the moat. 

The volcano’s interior is Gargantua, and the volcano’s rim is the critical orbit, from which the 
Endurance launches toward Edmunds’ planet. 


The Meaning of the Volcano: Gravitational and Circumferential Energy 


To explain the volcano’s meaning—how it relates to the laws of physics—I have to get a bit 
technical. 


For the sake of simplicity, let’s pretend the Endurance is moving in Gargantua’s equatorial 
plane. (For the Endurance’s nonequatorial trajectory the ideas are the same but because the black 
hole is not spherical, the details are more complicated.) The volcano analogy neatly encapsulates 
the true physics of the critical orbit and Gargantua’s trajectory. To explain how, I need two 
physics concepts: the Endurance’s angular momentum, and its energy. 

After tidal forces pry it apart from Mann’s planet, the Endurance has a certain amount of 
angular momentum (its circumferential speed around Gargantua times its distance from 
Gargantua). The relativistic laws tell us that this angular momentum remains fixed (conserved) 
along the Endurance’s trajectory; see Chapter 10. This means that, as the Endurance plunges 
toward Gargantua, with its distance from Gargantua decreasing, its circumferential speed 
increases. This is similar to an ice-skater, whose whirling speed increases when she moves her 
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The Endurance heads toward Gargantua with a certain amount of energy, which like its 


arms in (Figure 27.4). 
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Fig. 27.4. \ce skater. 


angular momentum remains constant along its trajectory. This energy consists of three parts: the 
Endurance’s gravitational energy, which gets more and more negative as the Endurance plunges 
toward Gargantua; its centrifugal energy (its energy of circumferential motion around 
Gargantua), which increases as the Endurance plunges because the circumferential motion is 
speeding up; and its radial kinetic energy (its energy of motion toward Gargantua). 

The surface in Figure 27.3 is the Endurance’s gravitational energy plus its centrifugal energy 
plotted vertically, and location in Gargantua’s equatorial plane plotted horizontally. Wherever the 
surface dips downward, the Endurance’s gravitational plus centrifugal energy decreases, so its 
radial kinetic energy must increase (since the total energy is unchanged); its radial motion must 
speed up. This is precisely what happens in our intuitive, volcano analogy. 

Outside the moat of Figure 27.3, the surface’s height is controlled by the Endurance’s 


negative gravitational energy (see the “gravitational energy” label on the figure). By comparison, 
there the positive centrifugal energy is unimportant. On the outer edge of the volcano, by contrast, 
the height is controlled by the rising centrifugal energy, which has come to dominate over the 
gravitational energy. On the inside of the volcano, near Gargantua’s horizon, the gravitational 
energy has grown hugely negative and overwhelms the centrifugal energy, so the surface plunges 
downward (Figure 27.5). The critical orbit is on the volcano’s rim. 
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Fig. 27.5. The Endurance’s critical orbit on the rim of the volcano, with centrifugal energy and force dominating 
outside the rim and gravitational energy and force dominating inside. [Image of the Endurance is from Interstellar.] 


The Critical Orbit: Balance of Centrifugal and Gravitational Forces 


Upon reaching the volcano’s rim, the Endurance, ideally, would travel around and around it, at 
constant speed. Because it moves neither inward nor outward, the inward pull of gravity on the 
rim must precisely be counterbalanced by the outward centrifugal force that arises from the ship’s 
fast circumferential motion. 

This indeed is the case, as shown in Figure 27.6—an analog of the force balance plot for 
Miller’s planet (Figure 17.2). At the Endurance’s critical orbit, the red curve (the inward 
gravitational pull on the Endurance) and the blue curve (the outward centrifugal force) cross, so 
the two forces are in balance. 


Endurance’s Critical Orbit 
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Fig. 27.6. The gravitational and centrifugal forces acting on the Endurance, and how 
they change with changing distance from Gargantua. 


However, the balance is unstable, as our volcano-rim analogy suggests.” If the Endurance is 
randomly pushed inward just a bit, then gravity overwhelms the centrifugal force (the red curve 
rises above the blue curve), so the Endurance is pulled on inward toward Gargantua’s horizon. If 
the Endurance is pushed outward just a bit, then the centrifugal force wins the battle with gravity 
(the blue curve is above the red curve), so the Endurance is pushed on outward, escaping 
Gargantua’s tight grip. 

By contrast (as we saw in Chapter 17), on the orbit of Miller’s planet, the balance between 
the gravitational and centrifugal forces is stable. 


Disaster on the Rim: Ejection of TARS and Cooper 


In my science interpretation of the movie, the volcano’s rim is very narrow, so the critical orbit 
on the rim is exceedingly unstable. Tiny errors in navigation will send the Endurance careening 
down toward Gargantua (down into the volcano) or away from Gargantua (down toward the 


moat). 

Errors are inevitable, so the Endurance’s course must be corrected, continually, by a well- 
designed feedback system, like an automobile’s cruise control but much better. 

In my interpretation, the feedback system is not quite good enough and the Endurance winds 
up dangerously far down the inside lip of the volcano. The Endurance must use all the thrust at its 
disposal to climb back up to the critical orbit. 

But this is too subtle and technical for action-packed scenes and a hugely diverse audience, so 
Christopher Nolan chose a simpler, more in-your-face approach. No mention of instability. No 
mention of feedback. The Endurance simply plunges too close to Gargantua, and Cooper 
responds with all the thrust he can muster to climb back out and escape Gargantua’s grip. 

The result is the same: lander 1, piloted by TARS, and Ranger 2, piloted by Cooper, fire their 
rockets while attached to the Endurance, pushing the Endurance back out of Gargantua’ s 
gravitational grip. Then, to get the last possible kick, explosive bolts blow the Endurance apart 
from lander 1 and Ranger 2. The lander and Ranger go plunging downward toward Gargantua, 
carrying TARS and Cooper with them, and the Endurance is saved (Figures 27.7 and 27.8). 

In the movie, there is a tragic, parting conversation between Brand and Cooper. Brand doesn’t 
understand why Cooper and TARS must accompany the lander and Ranger into the black hole. 
Cooper gives her a rather lame though poetic excuse: “Newton’s third law. The only way humans 
have ever figured out for getting somewhere is to leave something behind.” 


Fig. 27.7. The Endurance is thrown back up to the critical orbit by firing of rockets, followed by ejection of lander 
1 and Ranger 2. [Image of the Endurance is from Interstellar.] 


Fig. 27.8. Ranger 2 descending toward Gargantua, as seen by Brand in the Endurance, with portions of two 
Endurance modules in the foreground. The Ranger is the faintly seen object in the picture’s lower center, 
surrounded by Gargantua’s accretion disk. [From Interstellar, used courtesy of Warner Bros. Entertainment Inc.] 


This surely is true. But the additional thrust on the Endurance, from Cooper and TARS 
accompanying the lander and Ranger into the hole, is awfully small. The greater truth, of course, 
is that Cooper wants to go into Gargantua. He hopes that he and TARS can learn the quantum 
gravity laws froma singularity inside Gargantua, and somehow transmit them back to Earth. It is 
his last, desperate hope for saving all of humanity. 


The Endurance’s Launch Toward Edmunds’ Planet 


The critical orbit is an ideal spot for Brand and the robot Case to launch the Endurance in any 
desired direction, in particular, toward Edmunds’ planet. 

How do they control their launch direction? Because the critical orbit is so unstable, a small 
rocket blast is sufficient to send the Endurance off it. And if the blast is ignited at precisely the 
right location along the critical orbit and has precisely the right strength, it will send the 


Endurance in precisely the desired direction (Figure 27.9). 
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Fig. 27.9. The Endurance’s trajectory off the critical orbit, toward Edmunds’ planet. [Image of the Endurance is from 
Interstellar.] 


Actually, Figure 27.9 may leave you unconvinced that Brand and Case can launch in any 
direction they wish. That’s because it doesn’t capture the critical orbit’s three-dimensional 
structure. For that, see Figure 27.10. 


Fig. 27.10. Athree-dimensional picture of the Endurance’s critical orbit and its launch 
toward Edmunds’ planet. The critical orbit wraps around a sphere that surrounds 
Gargantua. 


This convoluted critical orbit is a close analog of the trajectories of temporarily trapped light 
rays inside Gargantua’s shell of fire (Figures 6.5 and 8.2). Like those light rays, the Endurance is 
temporarily trapped when on its critical orbit. Unlike the light rays, the Endurance has a control 
system and rockets, so its launch off the critical orbit is in Brand’s and Case’s hands. And 
because of the orbit’s convoluted three-dimensional structure, the launch can be in any direction 
they wish. 

But their launch leaves behind Cooper and TARS, plunging through Gargantua’s horizon. 
Plunging toward Gargantua’s singularities. 


49 This big difference is due to the Endurance’s having slightly less angular momentum than Mann’s planet, after tidal forces have 
done their thing. In Figure 27.3 the Endurance climbs up onto the volcano’s rim, but Mann’s planet does not quite make it up to 
the rim; it spirals back down the volcano’s side (centrifugal forces push it outward) and then up the gravitational energy surface, 
away from Gargantua. 


50 The agreement between our volcano-rim analogy and these force arguments is due to a key fact: The net force (gravitational plus 


centrifugal) on the Endurance is proportional to the slope of the energy surface (Figures 27.3 and 27.5). Can you figure out 
why? 


Into Gargantua 


Some Personal History 
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| 1985, when Carl Sagan wanted to send his heroine, Eleanore Arroway (Jodie Foster), through 
a black hole to the star Vega, I told him NO! Inside a black hole she will die. The singularity in 
the hole’s core will tear her apart, chaotically and painfully. I suggested he send Dr. Arroway 
through a wormhole instead (Chapter 14). 

In 2013, I encouraged Christopher Nolan to send Cooper into the black hole Gargantua. 

So what happened in the quarter century between 1985 and 2013? Why did my attitude toward 
falling into a black hole change so dramatically? 

In 1985, we physicists thought the cores of all black holes were inhabited by chaotic, 
destructive BKL singularities, and everything that entered a black hole would be destroyed by the 
singularity’s stretch and squeeze (Chapter 26). That was our highly educated guess. We were 
wrong. 

In the intervening quarter century, two additional singularities were discovered, 
mathematically, inside black holes: gent/e singularities, to the extent that any singularity can be 
gentle (Chapter 26). Gentle enough that Cooper, falling into one, might possibly survive. Pm 
dubious of survival, but we can’t be sure. So I now think it respectable, in science fiction, to posit 
survival. 

Also in the intervening quarter century, we have learned that our universe is probably a brane 


in a higher-dimensional bulk (Chapter 21). So it’s respectable, I think, to posit living beings that 
inhabit the bulk—a very advanced civilization of bulk beings—who might save Cooper from the 
singularity at the last moment. That’s what Christopher Nolan chose. 


Through the Event Horizon 
© 


In Interstellar, when Ranger 2 piloted by Cooper (and lander 1, piloted by TARS) eject from the 
Endurance, they spiral down toward Gargantua’s event horizon and then through it. What do 
Einstein’s relativistic laws say about this downward spiral? 

According to those laws, and hence my interpretation of the movie, Brand, watching from the 
Endurance, can never see the Ranger penetrate the horizon. No signal Cooper tries to send her 
from inside the horizon can ever get out. The flow of time inside the horizon is downward, and 
that downward time flow drags Cooper and all signals he sends downward with itself, away from 
the horizon. See Chapter 5. 

So what does Brand see (if she and Case can stabilize the Endurance long enough for her to 
watch)? Because the Endurance and the Ranger are both deep in the cylindrical part of 
Gargantua’s warped space (Figure 28.1), they are both dragged circumferentially by Gargantua’s 
whirling space with almost the same angular velocity (the same orbital period). So as seen by 
Brand, in her orbiting reference frame, the Ranger drops away from the Endurance almost straight 
downward toward the horizon (Figure 28.1). That’s what the movie depicts. 


Endurance 


Fig. 28.1. The Ranger's trajectory through Gargantua’s warped space, as seen in the 
Endurance’s orbiting reference frame. The Endurance is drawn far larger than it should 


be, so you can see it. Inset: A larger portion of Gargantua’s warped space. [Image of the 
Endurance is from Interstellar.] 


As Brand watches the Ranger approach the horizon, she must see time on the Ranger slow and 
then freeze relative to her time, Einstein’s laws say. This has several consequences: She sees the 
Ranger slow its downward motion and then freeze just above the horizon. She sees light from the 
Ranger shift to longer and longer wavelengths (lower and lower frequencies, becoming redder 
and redder), until the Ranger turns completely black and unobservable. And bits of information 
that Cooper transmits to Brand one second apart as measured by his time on the Ranger arrive 
with larger and larger time separations as measured by Brand. After a few hours Brand receives 
the last bit that she will ever receive from Cooper, the last bit that Cooper emitted before piercing 
the horizon. 

Cooper, by contrast, continues receiving signals from Brand even after he crosses the horizon. 
Brand’s signals have no trouble entering Gargantua and reaching Cooper. Cooper’s signals can’t 
get out to Brand. Einstein’s laws are unequivocal. This is how it must be. 

Moreover, those laws tell us that Cooper sees nothing special as he crosses the horizon. He 
can’t know, at least not with any ease, which bit that he transmits is the last one Brand will 
receive. He can’t tell, by looking around himself, precisely where the horizon is. The horizon is 
no more distinguishable to him than the Earth’s equator is to you as you cross it ina ship. 

These seemingly contradictory observations by Brand and Cooper are a result of two things: 
The warping of time, and the finite travel time for the light and information that they send to each 
other. When I think carefully about both of these things, I don’t see any contradiction at all. 


Sandwiched Between Singularities 
ey 


As the Ranger carries Cooper deeper and deeper into the bowels of Gargantua, he continues to 
see the universe above himself. Chasing the light that brings him that image is an infalling 
singularity. The singularity is weak at first, but it grows stronger rapidly, as more and more stuff 
falls into Gargantua and piles up in a thin sheet (Chapter 27). Einstein’s laws dictate this. 

Below the Ranger is an outflying singularity, created by stuff that fell into the black hole long 
ago and was backscattered upward toward the Ranger (Chapter 27). 

The Ranger is sandwiched between the two singularities (Figure 28.2). Inevitably, it will be 
hit by one or the other. 
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Fig. 28.2. An icon representing the Ranger sandwiched 
between Gargantua’s infalling and outflying singularities. The 
Ranger is drawn far larger than it should be, so you can see it. 


When I explained the two singularities to Chris, he immediately knew which one should hit 
the Ranger. The outflying singularity. Why? Because Chris had already adopted, for Interstellar, 
a variant of the laws of physics that prevents physical objects from ever traveling backward in 
time (Chapter 30). The infalling singularity is produced by stuff that falls into Gargantua long after 
Cooper falls in (long after, as measured by the external universe’s time; Earth’s time). If Cooper 
is hit by that singularity and survives, the universe’s far future will be in his past. He will be so 
far in our future that, even with the help of bulk beings, he won’t be able to return to the solar 
system until billions of years after he left, if ever. That would prevent him from ever reuniting 
with his daughter, Murph. 

So Chris firmly chose Cooper to be hit by the outflying singularity, not the infalling one—hit 
by the singularity arising from stuff that fell into Gargantua before the Ranger, not after it. 

Chris’s choice, though, presents a bit of a problem for my scientist’s interpretation of the 


movie. But not a problem so severe as backward time travel. If the Ranger falls directly into 
Gargantua from the critical orbit, then its infall 1s slow enough that the infalling singularity will 
catch up to it and hit it. For the Ranger to hit the outflying singularity instead, as Chris wants, the 
Ranger must nearly outrun the infalling singularity, which is descending at the speed of light. The 
Ranger can do so, if itis given a large, inward kick. How? The usual: by a slingshot around a 
suitable intermediate-mass black hole soon after leaving the Endurance. 


What Does Cooper See Inside Gargantua? 
A 


Looking up as he falls inward, Cooper sees the external universe. Because his infall has been 
sped up, he sees time in the external universe flow at roughly the same rate as his own time,*! and 
he sees the image of the external universe reduced in size,” from about half of the sky to roughly a 
quarter. 

When I was first shown the movie’s depiction of this, I was pleased to discover that Paul 
Franklin’s team got it right, and also got right something I had missed: In the movie, the image of 
the universe above is surrounded by Gargantua’s accretion disk (Figure 28.3). Can you explain 
why this must be so? 

Cooper sees all this above him, but he doesn’t see the infalling singularity. It is moving 
downward toward him at the speed of light, chasing but not catching the light rays that bring him 
images of the disk and universe above. 

Because we are rather ignorant of what goes on inside black holes, I told Chris and Paul that 
Pd be comfortable if they used their imaginations in depicting what Cooper sees coming up at him 
from below, as he falls. I made only one request: “Please don’t depict Satan and the fires of 
Hades inside the black hole like the Disney Studios did in their Black Hole movie.” Chris and 
Paul chuckled. They weren’t tempted in the least. 

When I saw what they did depict, it made great sense. Looking downward, Cooper should see 
light from objects that fell into Gargantua before him and are still falling inward. Those objects 
need not emit light themselves. He can see them in reflected light from the accretion disk above, 
just as we see the Moon in reflected sunlight. I expect those objects to be mostly interstellar dust, 
and this could explain the fog he encounters in the movie as he falls. 


Fig. 28.3. The universe above, surrounded by the accretion disk, as seen by Cooper inside Gargantua, looking 


upward across his Ranger’s fuselage. Gargantua’s shadow is the black region on the left. /From Interstellar, used 
courtesy of Warner Bros. Entertainment Inc.] 


Cooper can also overtake stuff that’s infalling more slowly than he. This may explain the 
white flakes that hit and bounce off his Ranger in the movie. 


Rescued by the Tesseract 


In my science interpretation, as the Ranger nears the outflying singularity, it encounters mounting 
tidal forces. Cooper ejects just in the nick of time. Tidal forces tear the Ranger apart. Visually, it 
splits in two. 

At the singularity’s edge the tesseract awaits Cooper—placed there, presumably, by bulk 
beings (Figure 28.4). 
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Tesseract 
Fig. 28.4. An icon representing Cooper about to be scooped up by the tesseract at the 
edge of the singularity. The Ranger icon and Cooper icon are drawn far, far larger than 
they should be, so you can see them, and are drawn two-dimensional, since one 
space dimension is suppressed from this diagram. 


51 In technical language, signals from above are Doppler shifted to the red by his high speed, which compensates the blue shift 
produced by the hole’s gravitational pull, so colors look fairly normal. 


52 Due to abberration of the starlight. 


The Tesseract 


iF Interstellar, the entrance to the tesseract is a white checkerboard pattern. Each white square is 
the end of a beam. Cooper, entering the tesseract, falls down a channel between beams, dazed and 
confused, lashing out at what appear to be bricks along the channel wall, but turn out to be books. 
The channel leads to a large chamber, where he floats and struggles, gradually getting oriented. 

The chamber is Christopher Nolan’s unique take on one three-dimensional face of the four- 
dimensional tesseract, enhanced by Paul Franklin and his visual-effects team. The chamber and its 
environs are remarkably complex. Seeing them for the first time, I felt as disoriented as Cooper, 
even though I know what a tesseract is. Chris and Paul had enriched the tesseract so greatly that I 
only fully understood after talking with them. 

Here’s what I know—and what I learned, filtered through my physicist’s eyes. I begin with the 
standard, simple tesseract, and then I build up to Chris’s complexified tesseract. 


From Point to Line to Square to Cube to Tesseract 
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A standard tesseract is a hypercube, a cube in four space dimensions. In Figures 29.1 and 29.2 I 
walk you through what this means. 

If we take a point (top of Figure 29.1) and move it in one dimension, we get a line. The line 
has two faces (ends); they are points. The line has one dimension (it extends along one 


dimension); its faces have one less dimension: zero. 
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Fig. 29.1. From point to line to square to cube. 


If we take a line and move it in a dimension perpendicular to itself (middle of Figure 29.1), 
we get a square. The square has four faces; they are lines. The square has two dimensions; its 
faces have one less dimension: one. 

If we take a square and move it ina dimension perpendicular to itself (bottom of Figure 29.1), 
we get a cube. The cube has six faces; they are squares. The cube has three dimensions; its faces 
have one less dimension: two. 


The next step should be obvious, but to visualize it, I need to redraw the cube as you would 
see it if you were up close to one of the orange faces (top of Figure 29.2). Here the original 
square (the small, dark orange one), when moved toward you to form the cube, appears to enlarge 
to become the cube’s front face, the outer square. 


Fig. 29.2. From cube to tesseract. 


If we take a cube and move it in a dimension perpendicular to itself (bottom of Figure 29.2), 


we get a tesseract. The picture of the tesseract is analogous to the one above it, of the cube: It 
looks like two cubes, inside each other. The inner cube has expanded outward, in the picture, to 
sweep out the four-dimensional volume of the tesseract. The tesseract has eight faces; they are 
cubes. (Can you identify and count them?) The tesseract has four space dimensions; its faces have 
one less dimension: three. The tesseract and its faces share one time dimension, not shown in the 
picture. 

The chamber Cooper enters in the film is one of the tesseract’s eight cubical faces, though, as 
I said earlier, modified in a clever, complex way by Chris and Paul. Before explaining their 
clever modifications, I use the standard, simple tesseract to describe my interpretation of the 
movie’s early tesseract scenes. 


Cooper Transported in the Tesseract 


A 


Because Cooper is made of atoms held together by electric and nuclear forces, all of which can 
exist only in three space dimensions and one time, he is confined to reside in one of the 
tesseract’s three-space-dimensional faces (cubes). He can’t experience the tesseract’s fourth 
spatial dimension. Figure 29.3 shows him floating in the tesseract’s front face, whose edges I 
delineated by purple lines. 


Fig. 29.3. A Cooper icon in a three-dimensional face of the tesseract. 


In my interpretation of the movie, the tesseract ascends from the singularity into the bulk. 
Being an object with the same number of space dimensions as the bulk (four), it happily inhabits 
the bulk. And it transports three-dimensional Cooper, lodged in its three-dimensional face, 
through the bulk. 

Now, recall that the distance from Gargantua to Earth is about 10 billion light-years as 
measured in our brane (our universe, with its three space dimensions). However, as measured in 
the bulk, that distance is only about 1 AU (the distance from the Sun to the Earth); see Figure 23.7. 
So, traveling with whatever propulsion system the bulk beings provided, the tesseract, in my 
interpretation, can quickly carry Cooper across our universe, via the bulk, to Earth. 

Figure 29.4 is a snapshot from that trip. One spatial dimension is suppressed from the 
snapshot, so the tesseract is a three-dimensional cube in a three-dimensional bulk, and Cooper has 
become a two-dimensional icon of a man, in a two-dimensional face of the cube, traveling 
parallel to our two-dimensional universe (brane). 


To match what is shown in the movie, I imagine this trip is very quick, just a few minutes, 
while Cooper is still dazed and falling. As he comes to rest, floating in the large chamber, the 
tesseract docks beside Murph’s bedroom. 


Fig. 29.4. The Cooper icon transported through the bulk, above our brane, riding in a face of the tesseract. One 
space dimension is removed from this picture. 


Docking: The View into Murph’s Bedroom 
A 


How does this docking work? In my interpretation, arriving in the bulk near Earth the tesseract 
must penetrate the 3-centimeter-thick AdS layer that encases our brane (Chapter 23) in order to 
reach Murph’s bedroom. Presumably the bulk beings who built the tesseract equipped it with 
technology to push the AdS layer to the side, clearing the way for its descent. 

Figure 29.5 shows the tesseract, after the clearing, docked alongside Murph’s bedroom in 
Cooper’s farmhouse. Again, one spatial dimension is suppressed, so the tesseract is depicted as a 
three-dimensional cube and the farmhouse and bedroom and Murph are two dimensional, as, of 
course, is Cooper. 


Fig. 29.5. The tesseract docked alongside Murph’s bedroom. 


The back face of the tesseract coincides with Murph’s bedroom. I’1l explain that more 
carefully. The back face is a three-dimensional cross section of the tesseract that resides in 
Murph’s bedroom in the same sense as the circular cross section of a sphere resides in a two- 
dimensional brane in Figure 22.2, and a spherical cross section of a hypersphere resides in a 
three-dimensional brane in Figure 22.3. So everything in Murph’s bedroom, including Murph 
herself, is also inside the tesseract’s back face. 

When a light ray traveling out from Murph reaches the common edge of Murph’s bedroom and 
the tesseract, it has two places to go: The ray can stay in our brane, traveling along route 1 of 
Figure 29.5 out an open door or into a wall where it is absorbed. Or the ray can stay in the 
tesseract, traveling along route 2 into and through the next tesseract face, and then onward to 
Cooper’s eyes. Some of the ray’s photons go along route 1; others go along route 2, bringing 
Cooper an image of Murph. 

Now look at Figure 29.6, in which I restore the suppressed dimension. When Cooper looks 
through the right wall of his chamber, he sees into Murph’s bedroom through its right wall (right 
white light ray). Looking through the left wall of his chamber, Cooper sees into Murph’s bedroom 


through its left wall (left white light ray). Looking through his back wall, he sees into the bedroom 
through its back wall. Looking through his front wall (orange light ray), he sees into the bedroom 
through its front wall (though this is not obvious in Figure 29.6; can you explain why it is true?). 
Looking along the yellow ray, he sees down through her ceiling. Looking along the red ray, he 
sees up through her floor. To Cooper, as he changes his gaze from one direction to another to 
another, it seems like he is orbiting Murph’s bedroom. (This is how Chris described it when he 
first showed me his complexified tesseract.) 


Fig. 29.6. The Cooper icon can see into Murph’s bedroom (orange edges) by looking 
through each of the six walls of his face of the tesseract (purple edges). Here he sees 
an icon of Murph herself. 


In Figure 29.6, all six light rays have to pass through intermediate cubes (tesseract faces) 
before reaching Murph’s bedroom. In the movie they don’t travel any noticeable distance from 
chamber to bedroom, so Chris and Paul must have shrunk the tesseract in one dimension; see the 


gray arrow and notation “make thin” in Figure 29.6. 

After that shrinkage, every face of Cooper’s chamber looks directly and immediately into one 
of the faces (wall or floor or ceiling) of Murph’s bedroom with no intervening space, so to 
Cooper the situation looks like Figure 29.7. He sees six bedrooms, one bordering each face of his 
chamber but all identical except for his viewing direction.® In fact they are all identical. There is 
only one bedroom, although to Cooper there appear to be six. 


Fig. 29.7. The six views of Murph’s bedroom seen by the Cooper icon from his 
tesseract face. [My own hand sketch_] 


Nolan’s Complexified Tesseract 


A 


Figure 29.8 is a still, showing Cooper floating in his chamber inside the tesseract. It looks 
very different from Figure 29.7 because of the complex and rich modifications that Chris 
conceived, and Paul and his team implemented. 


Fig. 29.8. Cooper floating in Nolan’s complexified tesseract. [From Interstellar, used courtesy of Warner Bros. 
Entertainment Inc.] 


The first thing I noticed when I saw Chris’s complexified tesseract was the threefold 
enlargement of Cooper’s chamber, so the bedroom attached to each chamber face covers only a 
third of the face. I depict this in Figure 29.9 with all the other tesseract complexities removed and 
the chamber’s back three faces hidden from view.™ 


Fig. 29.9. The size of Cooper’s chamber enlarged threefold so the six bedrooms 
occupy the centers of his chamber’s faces. [My own hand sketch.] 


The next thing I noticed were two extrusions extending out of each bedroom along the two 
directions transverse to Cooper’s chamber (Figures 29.10 and 29.11). As Chris and Paul 
explained it to me, wherever these extrusions intersect there is a bedroom; for example, bedrooms 
7, 8, and 9 as well as the original 1—6. 
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Fig. 29.10. Extrusions extend out of all the bedrooms, and time flows along them. [My 
own hand sketch.] 


The extrusions extend indefinitely, creating at their intersections a seemingly infinite lattice of 
bedrooms and of chambers*® like Cooper’s [dashed edges in Fig. 29.10.]. For example, the 
labeled faces of bedrooms 7, 8, and 9 face into a chamber whose edges are indicated with dots; 
the back-left-bottom corner of that chamber overlaps the front-right-top corner of Cooper’s 
chamber. 

TARS gives us a clue to the meaning of the extrusions and the latticework of bedrooms and 
chambers when he tells Cooper, “You’ve seen that time is represented here as a physical 
dimension.” 

Chris and Paul elaborated on that clue for me. The bulk beings, they explained, are displaying 
time for the blue extrusions as flowing along the blue-arrowed direction in Figure 29.10, and for 
the green extrusions along the green-arrowed direction, and for the brown extrusions along the 
brown-arrowed direction. 


